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Abstract

One of the significant challenges of moving from manual to robot-assisted retinal surgery is the 

loss of perception of forces applied to the sclera (sclera forces) by the surgical tools. This damping 

of force feedback is primarily due to the stiffness and inertia of the robot. The diminished 

perception of tool-to-eye interactions might put the eye tissue at high risk of injury due to 

excessive sclera forces or extreme insertion of the tool into the eye. In the present study therefore a 

1-dimensional adaptive control method is customized for 3-dimensional control of sclera force 

components and tool insertion depth and then implemented on the velocity-controlled Johns 

Hopkins Steady-Hand Eye Robot. The control method enables the robot to perform autonomous 

motions to make the sclera force and/or insertion depth of the tool tip to follow pre-defined desired 

and safe trajectories when they exceed safe bounds. A robotic light pipe holding application in 

retinal surgery is also investigated using the adaptive control method. The implementation results 

indicate that the adaptive control is able to achieve the imposed safety margins and prevent sclera 

forces and insertion depth from exceeding safe boundaries.

I. INTRODUCTION

Vitreoretinal surgery is among the most delicate surgical tasks in which physiological hand 

tremor may severely attenuate surgeon performance and put the eye at high risk of injury. 

Robot-assisted retinal surgery is potentially beneficial as it enhances tool tip position 

accuracy and suppresses involuntary hand-tremor. Robots developed for eye-surgery can be 
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classified as collaborative or tele-operated. An example of collaborative robotic systems in 

which surgeon and robot share control of the surgical tool, is the Steady-Hand Eye Robot 

(SHER) developed here at the Johns Hopkins University [1], [2] (Fig. 1-a). Another 4-DoF 

(degrees of freedom) collaborative robotic arm for manipulation in highly confined spaces 

around an incision point was designed and fabricated by Gijbels et al. [3]. Wei et al. have 

also presented a hybrid two-armed robotic system for dexterity enhancement in intraocular 

maneuvers [4]. Using a parallel coupled joint mechanism, Nasseri et al. designed and 

developed a compact robotic system for intraocular manipulation [5].

In terms of tele-operated microsurgical systems, Ikuta et al. proposed a 5-DoF slave micro 

manipulator [6]. Using spherical guides architecture for the slave manipulator, the University 

of Tokyo designed and fabricated a tele-operated system having 40 to 1 scale down from 

master motion to slave maneuvers [7], [8]. In a very recent study, Wilson et al. built a 

master-slave robotic system called IRISS with a laser based control of the remote center of 

motion (RCM) point [9]. The most clinically advanced robotic assistance in eye surgery is 

described in the recent studies of Edwards et al. [10] and Gijbels et al. [11] with which they 

conducted first in-human robot-assisted eye surgeries. As an alternative to the table-mounted 

robotic systems, Riviere et al. developed an active tremor canceling device, Micron [12]. 

Moreover, an electromagnetic system called OctoMag was developed by Kummer et al. to 

control intraocular microrobots to perform delicate surgical tasks [13].

Integrating robots into eye surgery has produced safety challenges. The stiffness and inertia 

of the robot that is between the surgeon and the surgical target may diminish the surgeon’s 

perception and control over scleral forces, tool tip forces and insertion depth (Fig. 1-b). This 

in turn leads to larger sclera forces during robot-assisted eye surgery [14], [15]. There is now 

prior work attempting to restore this sensory information to surgeons in order to enhance 

safety. Cutler et al. have used auditory feedback to limit tool tip forces from exceeding safe 

boundaries during membrane peeling [16]. Ebrahimi et al. have reported protection of sclera 

tissue when auditory or haptic feedback is provided based on sclera force [17].

Auditory substitution or haptic feedback that has been deployed in the previous studies may 

have some disadvantages. First, the efficacy of feedback is highly dependent on the 

surgeon’s reaction to it. In cases where effective action was barely executable by the subjects 

or when unexpected eye motion occurred, scleral forces could increase beyond safe limits 

[17]. Furthermore, it is now feasible to build in similar haptic and audio feedback based on 

tool insertion depth to enhance tool depth safety (if exceeded tool tip to retina collision 

occurs). However, having various types of audio and haptic feedback coming from different 

sources may have adverse effects on surgeon concentration during highly delicate, prolonged 

and intensely focused eye surgery tasks. For these and other reasons, it is potentially 

beneficial to control the robot such that it acts autonomously in a proper and safe way when 

sclera force or tool insertion depths exceed established safe boundaries. To fulfill these 

purposes in this study, a 1-D adaptive control method is customized for simultaneous 3-D 

control of sclera force and insertion depth. When the adaptive control is triggered, the robot 

produces translational motions along the relevant axes to correct the sclera force and/or 

insertion depth consistent with desired and safe trajectories. This control system is then 

implemented on the SHER (Fig. 1-a). The adaptive control method has other useful 
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applications in eye surgery including: control of the insertion depth when unexpected motion 

of the patient’s head is observed or holding a light pipe in a fixed and safe position by the 

robot. To the best of our knowledge, adaptive control for applications in robot-assisted eye 

surgery has not been used before.

In section II, concept of the 1-D adaptive control is explained. In section III, the impedance 

control of the SHER is elaborated. Then the way the 1-D adaptive control is customized for 

3-D control of sclera force and insertion depth is described and possible applications in eye 

surgery are discussed. In section IV, after illustrating the experimental setup the adaptive 

force and insertion depth controls are implemented on the SHER to obtain safety enhancing 

applications in retinal surgery and the results are provided. The results are discussed in 

section V.

II. REVIEW OF ADAPTIVE CONTROL

Our control strategy builds upon the adaptive force control method developed by [18] for 

general 1-DoF robots and extends it to the eye surgery domain. There are two basic 

assumptions for this method:

1. The robot is in contact with an environment with unknown but linear stiffness/

compliance (Fig. 2). In other words, the force displacement model of the robot 

end-effector is assumed to conform to the linear equation of fe = 1
γ x − x0  or 

dfe = 1
γ (dx) where fe is the interaction force exerted to the robot by the flexible 

environment, γ is a constant representing the environment compliance, x is the 

position of the 1-DoF robot and x0 is the equilibrium point.

2. The robot is a velocity-controlled robot, i.e. it has a built-in low-level velocity 

controller that makes the robot’s actual velocity ẋ track any bounded velocity 

setpoint ẋd.

The goal of the 1-D adaptive control is to design a control law which provides 

asymptotically exact outer loop force control by providing proper reference velocity 

trajectory ẋd  for the low-level velocity control. Consequently, the interaction force (fe) 

would be able to track any desired reference force trajectory (fd) which is C2 bounded and 

has bounded derivatives, ḟd and f̈d. The control input and the adaptation law are provided in 

(1).

ẋd(t) = γḟd(t) − kfΔf(t)
γ̇ = − αḟd(t)Δf(t) (1)

where the term Δf ≜ fe − fd is the force tracking error. The constants α and kf are gains for 

adaptation law and the force tracking error, respectively. Since it was assumed that the 

compliance of the environment is unknown, an estimation of this parameter (γ) is used in the 

control law above. The adaptation law defines the way γ  changes over time. Using a 

Lyapunov function it is proved that the force tracking error Δf and the compliance estimation 
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γ  will remain bounded. Moreover, one can show that limt→∞ Δf(t) = 0 if the conditions 

given in (2) are satisfied [18].

∫ Δẋ
2

dx < ∞  and  lim
t ∞

Δẋ = 0 (2)

In (2), the term Δẋ is the velocity tracking error ẋ − ẋd and based on the second assumption 

discussed earlier, it would converge to zero. Thus, based on (2) the adaptive control will 

make Δf go to zero.

III. RETINAL ADAPTIVE CONTROL METHOD

The purpose of this study is to customize the adaptive control strategy mentioned in section 

II for 3-D applications in robot-assisted retinal surgery to improve safety. The application 

developed in this study include sclera force adaptive control, insertion depth adaptive control 

and robot-assisted light pipe control. Prior to explaining the methods, it is important to 

understand the SHER and its general impedance control law.

SHER is a cooperatively velocity-controlled (assumption 2 in section II is satisfied) 5-DoF 

robot (including three translational motions for the entire robot and two rotational roll and 

pitch motions for the end-effector) developed at the Johns Hopkins University (Fig. 1-a). 

Different eye surgical tools can be attached to the robot end-effector. The mechanical design 

of the robot takes advantage of a fixed RCM point which makes the surgical tool pass 

through that point when the translational degrees of freedom of the robot are fixed. Two 

coordinate frames are considered for the robot: 1) B, the body coordinate frame which is 

attached to the RCM point and is rigid to the end-effector and the surgical tool. As it is 

apparent from Fig. 1-a, the surgical tool is always directed toward the z direction of the body 

frame. 2) A, the spatial coordinate frame which is fixed and located at the robot base (shown 

in Fig. 1-a).

The robot acts as a cooperative assistant to the surgeon in the following way; the surgeon 

holds the tool handle while it is attached to the robot and moves it with the assistance of the 

robot to insert the surgical tool into the eye and perform surgical tasks. The interaction force 

applied to the tool handle by the surgeon (fℎ ∈ ℝ6 whose point of application is represented 

in Fig. 1-a) is measured in the body coordinate frame by a force/torque sensor placed under 

the RCM mechanism as shown in Fig. 1-a and is denoted by fℎ
b. The superscript b indicates 

that the vector is represented in the body frame.

The forces fsx, fsy, are x and y components of sclera force in the body frame. The z 
component of the sclera force is supposed to be zero because of the negligible friction 

between the tool shaft and eyeball. Insertion depth is the length of the tool inserted into the 

eyeball (Fig. 1-b).

The forward kinematics of the robot and the robot jacobian are as following:
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Xs = f(q)
Ẋs = J(q)q̇

(3)

where q ∈ ℝ5 is the vector of robot joint angles and Xs ∈ ℝ6 is the vector which defines the 

position and orientation of the body frame with respect to the spatial coordinate frame. The 

first three elements of Xs are the position of the RCM point expressed in the spatial frame, 

and the last three elements of Xs are the Euler angles of the body frame with respect to the 

spatial frame. The second equation in (3) is obtained by deriving the first one with respect to 

time. Therefore, Xs ∈ ℝ6 is the translational and angular velocities of the body frame 

represented in the spatial frame (Ẋb is the same vector represented in the body frame). 

Vector q̇ ∈ ℝ5 is the robot joint velocities and J(q) denotes the robot jacobian matrix. The 

normal impedance control of the robot (before applying any adaptive control which is the 

purpose of this paper) would be as following:

Ẋd
b = Γfℎ

b (4)

where Ẋd
b is the desired velocity of the end-effector expressed in the body frame. The matrix 

Γ ∈ ℝ6x6 is a constant diagonal matrix with positive elements. This controller sets a desired 

velocity for the end-effector proportional to the force applied by the surgeon to the tool 

handle which causes the robot to move in a collaborative way with the surgeon. Having the 

forward kinematics of the robot, the vector Ẋd
b is transferred to the spatial frame to get Ẋd

s. 

Then, using the pseudo inverse of the robot jacobian , J†(q), the desired joint velocities are 

calculated.

q̇d = J†(q)Ẋd
s

(5)

The vector q̇d is then passed to the low-level joint velocity controller of the SHER.

A. Scleral force control

The first assumption for the adaptive control in section II states that the environmental force 

fe should be linearly proportional to the position of the robot in the coordinate frame where 

ẋd(t) is going to be calculated (dfe should be proportional to dx). Now assume that at each 

instant of robot motion we have a fixed frame B′ coincident with B. We assume that the 

infinitesimal variation of the sclera force in x and y directions of body frame, dfsx and dfsy, 

are linearly proportional to the infinitesimal variation of the position of the RCM point along 

the x and y directions of B′, dxrcm and dyrcm. This assumption is realized because the tool 

shaft is like a cantilever beam, and therefore the infinitesimal variation of the force applied 

to the beam (which is now dfsx or dfsy) is proportional to the infinitesimal variation of the 

beam deflection (which is now dxrcm and dyrcm). Therefore. we can make use of the 

adaptive control law to produce desired velocities for the robot end-effector along the x or y 

axes of the body frame (ẋd
b(t) or ẏd

b(t)) such that fsx and fsy will follow desired and 

Ebrahimi et al. Page 5

IEEE Int Conf Robot Autom. Author manuscript; available in PMC 2020 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



presumably safe trajectories. Compared to (1), we are using either fsx or fsy to substitute fe. 

In (6), the adaptive sclera force control for fsx is provided and explained in the following. 

For the y direction similar equations and procedure can be imagined.

ẋd
b(t) = γxḟdx(t) − kfxΔfx(t),

γ̇x = − αxḟdx(t)Δfx(t),
(6)

In (6), Δfx = fsx − fdx is the sclera force tracking error. The term fdx(t) denotes the desired 

trajectory for fsx and ḟdx(t) is the derivative of fsx. Note that ẋd
b(t) and ẏd

b(t) will be the first 

and second elements of the vector Ẋd
b and other elements of Ẋd

b will be still generated using 

fℎ
b according to (4). In other words, the robot will abide by the user’s interaction forces for 

other elements of Ẋd
b. Thus, the users would not feel that the robot inhibits their 

manipulation.

After constructing Ẋd
b, Ẋd

s can be obtained using the forward kinematics of the robot. Using 

(5), the term q̇d can eventually be found. Thus, by this adaptive sclera force control we can 

make the SHER to move in such a way to make the x and y components of sclera force to 

follow desired trajectories laying in safe ranges. This control can be independently triggered 

for fsx or fsy whenever any of these components exceed safe levels to reduce them on desired 

declining trajectories.

B. Tool insertion depth control

In this application we will customize the adaptive control algorithm to control the insertion 

depth of the surgical tool by replacing the term fe in (1) with the insertion depth D. In other 

words, any variable whose infinitesimal variation satisfies the first assumption in section II 

can be used instead of fe. Following the same explanation provided in section III-A, at each 

instant the infinitesimal variation of insertion depth D is proportional to the infinitesimal 

variation of the RCM point position along the z axis of the frame B′. Thus, we can produce 

desired velocities for the end-effector along the z axis of the body frame such that now the 

insertion depth will track a desired and safe reference trajectory. The control can be 

triggered whenever the insertion depth exceeds certain limits which may lead to collision 

between the tool tip and the retina. The control law and the adaptation law for the insertion 

depth control are provided in (7):

żd
b(t) = γzḊd(t) − kfzΔD(t),

γ̇z = − αzḊd(t)ΔD(t),
(7)

where ΔD = D(t) − Dd(t) is the insertion depth tracking error. The term Dd denotes the 

desired trajectory for D and Ḋd is the derivative of Dd. Note that Dd(t) will be the third 

element of the vector Ẋd
b. In fact, at any necessary time any of the first three elements of the 

can be switched to the adaptive control method while other elements continue to be 

generated based on the general impedance control (4).
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After calculating Ẋd
b, the same procedure explained in section III-A should be followed to 

find the q̇d.

IV. EXPERIMENTAL SETUP AND RESULTS

To prove the applications of the adaptive control on the SHER, we prepared the experimental 

setup depicted in Fig. 3. The user’s force applied to the handle fℎ
b is measured by the 6-DoF 

ATI force/torque sensor which is attached under the robot wrist (Fig. 3-a). The user should 

hold the tool handle and insert it through the sclerotomy point (Fig. 3-b) to manipulate the 

eyeball.

To simultaneously measure fsx and fsy and insertion depth which are the basis of the adaptive 

controllers developed, we built a dual force-sensing tool by attaching three Fiber Bragg 

Grating (FBG) strain sensors with outer diameter of 80μm around the perimeter of the 

surgical tool. Then the tool was calibrated following the instructions given by [19]. The root 

mean square error for the sclera force and insertion depth measurements were calculated and 

are 3.8 mN and 0.29 mm, respectively. The FBG fibers are connected to an optical sensing 

interrogator (sm130–700 from Micron Optics Inc., Atlanta, GA). The interrogator then sends 

the FBG raw data to computer using a TCP/IP connection, and then the relevant calibration 

matrices will be applied to calculate real-time values of the sclera force components and 

insertion depth. Next, based on the relevant control laws (adaptive or impedance) each 

component of the vector Ẋd
b is computed. Finally, q̇d will be sent to the low-level embedded 

robot controller (Galil 4088, Galil, 270 Technology Way, Rocklin, CA 95765) which is the 

motor driver (low-level velocity controller of the SHER). The loop frequency for the system 

is 1 KHz and the data is recorded with frequency of 200 Hz. All of the data transmission, 

collection and manipulation were performed through the software package (developed using 

the CISST framework, a collection of libraries for development of computer-assisted 

intervention systems; InfinityQS, Fairfax [16]).

To model simple surgical tasks in eye surgery, we placed an artificial eye phantom made 

from Silicon into a 3D-printed socket. To produce a realistic eye ball motion, the interface 

between the eye phantom and the eye socket was lubricated with mineral oil. Moreover, 

painted vessels were attached inside the eye ball on the posterior part, Fig. 3-b.

In the following, the implementations of the adaptive control for the three applications of 

sclera force control, insertion depth control and the robot-assisted light pipe holding are 

explained and the results are represented.

A. Sclera force safety

First, to show the performance and functionality of the adaptive force control that the 

controller can actually follow the desired trajectories for fsx and fsy, a sinus wave of 40 

sin(2t) mN and −40 sin(2t) mN were set for the fdx and fdy, respectively. Thus, the first two 

elements of Ẋd
b were produced based on the adaptive control and the remaining four 

elements of Ẋd
b were set to zero. The results for this implementation are shown in Fig. 4. The 
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root mean squared error for fsx and fsy tracking errors for the interval of 0 < t < 20 in Fig. 4, 

were calculated to be 7.31 and 9.44 mN, respectively.

Secondly, the adaptive force control is utilized to maintain the sclera force within the safe 

bounds. Based on the data recorded from the behavior of an expert surgeon, an upper bound 

of 120 mN for sclera force was assigned as the safe limit [17]. In this study, we have kept 

this value as the upper bound for fsx and fsy. Whenever fsx exceeds 100 mN the adaptive 

control for fsx is triggered and the desired trajectory in (8), which is an exponentially 

decreasing path, is set for the sclera force (for the y component of sclera force a similar 

desired path can be imagined). If fsx exceeds −100 mN, a negative sign should be applied to 

the right-hand side of (8). The reason for choosing 100 here is to trigger the controller in 

advance, in order to hinder the sclera forces to reach the upper limits of safety here being 

120 mN.

fdx(t) = af e−bf t − t0x + 1 , (8)

where af is a constant (in our experiments setting af = 55 made reasonable robot behaviour). 

The parameter bf indicates how fast the sclera force is declined. After trying various 

quantities for bf, it was set to one because for this value the robot showed a reasonable trade-

off between speed and smoothness.

Thus, the robot will move such that fsx will follow the declining path specified in (8). In (8), 

t0x is the time when fsx exceeds 100 mN after which the adaptive control is triggered. At 

time t = t0x, fdx in (8) equals 110 mN which is close to fsx at t = t0x which is 100 mN to have 

a continues and smooth motion when switching to adaptive mode. The robot is switched 

back to the collaborative mode (equation (4)) for x direction after fsx is brought down to 70 

mN. The adaptive control will be activated again if fsx exceeds 100.

Thus, the first element of Ẋd
b (in case of fsy it would be the second element of Ẋd

b) is 

generated based on (6) while having (8) as the fdx. As mentioned earlier, other elements of 

Ẋd
b would still be generated based on fℎ

b. This will actually cause the robot to act as a safety 

assistant along the x or y axes of the body frame until the sclera force is brought back to safe 

levels, and thus the surgeon does not feel that the robot is disrupting his/her maneuver.

After setting up the adaptive force control for sclera safety, using the experimental setup the 

task of following two painted vessels on retina (the blue and the orange vessels in Fig. 3-b) 

was performed and the data was recorded. A user followed these two vessels from the home 

position to the end with the tool tip without touching the vessels. The results for fsx and fsy 

are shown in Fig. 5. For this experiment the values of kfx and kfy were both set to 0.2 and the 

values of αx and αy were both set to 0.00005 (for (6)).

B. Insertion depth safety

A scenario similar to the sclera force safety has been set for the insertion depth safety. 

Because the diameter of the eye phantom is around 25 mm a threshold of 20 has been set 

after which the adaptive control for the z direction of the body frame will be activated to 
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retract the tool and bring down the insertion depth on a desired exponential declining path. 

Thus, the robot does not allow the insertion depth to exceed 20 mm. The following desired 

trajectory is set for the insertion depth.

Dd(t) = aD e−bD t − t0z + 1 (9)

where t0z is the time when the insertion depth exceeds 20 mm after which the adaptive 

control is triggered. The terms aD and bD are constants and are set to 10 and 2, respectively. 

The reason for choosing this values is the same as what was explained in section IV-A. At 

the time t = t0z, Dd in (9) equals 20 mm which is the same as the value of insertion depth at t 
= t0z which is 20 mm to have a continues and smooth motion when switching to adaptive 

mode in z direction. For this part the same vessel following task described in IV-A (just one 

of the vessels) was done to evaluate the performance of the insertion depth control. The 

variation of insertion depth for this part is depicted in Fig.6. For this experiment the values 

of kfz and αz were set to 10 and 0.0005, respectively (for (7)).

C. Robot-assisted light pipe holding

In this application the robot holds the light pipe inside the eye and moves it in a safe way 

commensurate with the surgeon’s manipulation of the eyeball. There may be two safety 

concerns for this application. While the surgeon is manipulating the eyeball with another 

surgical tool, it may cause the light pipe which is held by the robot to exert excessive forces 

to the sclera or to allow the light pipe tip to make contact with retina if the insertion depth 

goes beyond a safe level. The methods discussed in sections III-A and III-B if applied 

simultaneously are able to address these safety issues together to achieve a safe light pipe 

holding application.

Here, fdx and fdy are set to constant values 60mN and −60mN, respectively. By assigning a 

constant value for the desired sclera force the robot will move accordingly and smoothly 

while the surgeon is rotating the eyeball with another surgical tool. Therefore, the light pipe 

shaft will always apply the same safe force to the sclera and sclera tissue safety is 

guaranteed. The adaptive insertion depth control is also kept activated based on (9). Thus, if 

the tip of the light pipe gets too close to the retina while the surgeon is rotating the eyeball, 

the robot will retract the light pipe along the light pipe axis (z axis of the body frame) to 

avoid collision between the light pipe tip and the retina which is considered a serious 

complication. It is important to note that in robot-assisted light pipe holding the adaptive 

sclera force and insertion depth controls are always kept activated and will not be switched 

back to the collaborative impedance control.

To demonstrate this function, the force-sensing tool is used as a light pipe and is kept in the 

eye by the robot while the eyeball is rotated by another instrument. The plots for sclera force 

and insertion depth for this part are shown in Fig. 7.

V. DISCUSSION AND CONCLUSION

Fig. 4 demonstrates that using the adaptive control the robot is able to follow the desired 

sinusoidal force for fsx and fsy with comparatively small amplitude of 40 mN with good 
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accuracy. In the last part of Fig. 4 (from time t = 23s to t = 25s), the desired trajectories are 

not followed because the adaptive control is stopped after t = 23s. Based on Figs. 5 and 6, it 

is observed that the robot is acting properly to bring down the sclera force components or the 

insertion depth through their desired exponential trajectories which are shown with 

interrupted discontinuous lines with short lengths (the period when the adaptive control is 

activated) in each figure. The reason for such short lengths is that using the adaptive controls 

the SHER requires only a very small autonomous motion (up to 2 mm) to return the sclera 

forces or insertion depth to safe limits. Therefore, the period of time the adaptive controls 

are active would be short.

The reason for choosing an exponential desired trajectory is that it has steep slope at the 

moment of safety violation for sclera force or insertion depth, so the robot will act fast 

enough at the start of the incident to prevent any harm. Moreover, the exponential function 

drops fast enough to reach to the safe levels.

It is important to note that in the provided figures the real sclera force or the insertion depth 

may deviate slightly from their desired trajectories. The reason is that as mentioned before, 

when the robot is switched to adaptive control, the relevant values in Ẋd
b are computed based 

on the adaptive controller and all the other entities of Ẋd
b are still calculated based on (4). 

Thus, for example, for the rotational movements (last three elements of Ẋd
b) the robot is 

always obeying the user’s force, fℎ
b. This rotational motion of the robot would affect the 

control variables most notably the scleral force causing a deviation from the desired 

trajectories. However, the adaptive controller tries to account for this and as it is observed 

the control variables continue to follow their desired trajectories with an acceptable 

accuracy.

Current limitation of our work is that the tool must be kept fixed relative to the robot end-

effector and cannot rotate around its axis, so the tool coordinate frame would be always 

aligned with the body frame. Thus, we will have the measured sclera forces in the body 

frame as required for the adaptive control. In the future, by attaching a rotary encoder to the 

tool it would be possible to implement the same adaptive control strategy while the tool is 

free to rotate.

To sum up, in this paper we explored the feasibility of extending a 1-D adaptive control for 

3-D applications in robot-assisted eye surgery including the sclera force control, insertion 

depth control and the robot-assisted light pipe holding. Several experiments were then 

conducted to evaluate how these three applications may contribute to safe robot-assisted 

retinal surgery. In the future we plan to expand the range of tasks, conduct multi-user 

experiments to evaluate the control performance under different behaviors, and also 

transition to in-vivo experiments.
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Fig. 1. 
Johns Hopkins Steady-Hand Eye Robot with its five degrees of freedom shown with red 

marks, spatial coordinate frame at the robot base and the body coordinate frame at the RCM 

point (a) representation of the x and y components of the sclera force in the body frame (fsx 

and fsy) and the tool insertion depth (b)
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Fig. 2. 
Schematic diagram for the adaptive force control of a 1-Dof velocity-controlled robot with 

mass m interacting with an environment with linear and unknown compliance γ.
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Fig. 3. 
Experimental setup including the SHER, dual force-sensing tool, interrogator, microscope 

and eye phantom (a), Close-up view of the eye phantom and the painted vessels on the retina 

(b)
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Fig. 4. 
Implementation of the adaptive sclera force control for sinusoidal reference trajectories, fdx 

= 40sin(2t) mN and fdy = −40sin(2t) mN
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Fig. 5. 
Variations of fsx (top) and fsy (bottom) for vessel following task, the discontinuous curves in 

each plot indicate the desired exponential fdx and fdy for the interval when the corresponding 

adaptive controller is activated (when |fsx| or |fsy| are between 100 and 70 mN). The 

horizontal lines of 120 mN and −120 mN are plotted in each figure.
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Fig. 6. 
Illustration of insertion depth adaptive control when the insertion depth exceeds 20 mm. 

Adaptive control is active when 17 < D < 20 mm.
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Fig. 7. 
Robot-assisted light pipe holding - plots for sclera force components (top) with fixed desired 

trajectories and insertion depth (bottom) with exponential desired trajectory.
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