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ARTICLE INFO ABSTRACT
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conventional parallelogram-based RCM mechanisms is mostly done by a linear actuator installed
near the end-effector. This design inevitably increases the volume and mass on the patient
side of the robot. In this work, we present a novel parallelogram-based RCM mechanism that
allows distally-actuated instrument insertion and retraction. Compared to the existing work,
the proposed mechanism decouples the translational motion from other rotational degrees of
freedom with a simple design. This feature may further enhance the safety of delicate procedures
like sub-retinal injection. Based on the kinematic analysis, a method is developed for assembly
error estimation and correction. Moreover, an automatic instrument changer is integrated with
the robotic manipulator. Experiments are conducted on a prototypical system to validate the
feasibility of the proposed design. The RCM precision is shown as better than 0.5 mm. The time
required for switching surgical instruments is demonstrated as less than 10 s.

1. Introduction

With the benefits of a small incision and precise manipulation, robot-assisted microsurgery has been extensively investigated
in recent years [1-3]. Particularly, advanced robotic systems have been developed, such as the steady-hand eye robot [4-6],
MICRON [7,8], RAM!S [9-11], IRISS [12,13], and Preceyes surgical system [14,15], to assist intraocular microsurgery that requires
the tool-tip positioning accuracy to be better than 10 pm [16]. In 2018, the first-in-human study of remotely operated retinal surgery
was successfully performed using the Preceyes surgical system [15]. Besides, medical imaging modalities are integrated with the
robotic manipulator for autonomous surgical navigation and guidance. For instance, guided by preoperative and intraoperative
optical coherence tomography (OCT) images, the IRISS is capable of performing semi-automated lens removal from ex vivo pig
eyes [17,18]. Despite the advances in applying robotic technologies to intraocular surgical procedures, developing a multifunctional
robotic surgical system remains challenging because of the confined workspace.

During intraocular microsurgery, the incision port on the patient’s eye imposes a kinematic constraint on the degrees of freedom
(DoFs) of the surgical instrument. This requirement is usually fulfilled by mechanically constrained remote center-of-motion (RCM)
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mechanisms [19-22]. Several RCM mechanisms featuring a compact and lightweight design have been proposed not only for
eye surgery, but also for general minimal invasive surgery. For example, the lightweight endoscope robot (LER) [23] applies
a spherical RCM mechanism to enable 3-DoF motions about the RCM. Similar to the LER, the spherical mechanisms are also
applied to manipulate a surgical instrument [24,25]. On the other hand, the parallelogram-based RCM is more popular for robot-
assisted intraocular surgery because it has a smaller footprint and provides a relatively large moving range over spherical RCM
mechanisms [26]. However, in most existing intraocular surgical robots applying the parallelogram-based RCM [5,14], the insertion
and retraction of the surgical instrument are directly driven by a linear actuator installed near the end-effector, resulting in increased
volume, mass, inertia, and vibration. The bulky end-effector also hinders the integration with other critical subsystems such as a
microscope and a tool changer.

To date, only a few parallelogram-based RCM mechanisms allow distal actuation of tool translation. Directly placing the insertion
actuator distal to the parallelogram would invalid the mechanically constrained RCM. The conventional parallelogram-based RCM
mechanism is revised, so that tool translation is actuated by folding additional parallelograms near the base [27,28]. Similar design
concepts are also proposed in [29-32]. In these revised parallelogram-based RCM mechanisms, translational and rotational motions
of the instrument are coupled. The insertion motion requires synchronous actuation of more than one motor. Although coupled
kinematics are common in robotic systems, unnecessary risks are posed in some delicate surgical procedures like sub-retinal injection,
where the injector is first oriented and then stably inserted at the target tissue [11]. The coupling error caused by kinematic
inaccuracies and asynchronous motion control may induce undesired motions in multiple DoFs to damage the surrounding tissues
during the needle insertion.

In recent studies, the coupled motions in the revised parallelogram-based RCM mechanisms are successfully decoupled [33,34].
However, additional parallelograms still exist in their results. Compared with the conventional parallelogram-based RCM mechanism,
higher design complexity may cause manufacturing errors [35] and human errors in assembly operations [36]. Hence, it is desirable
to simplify the mechanism design while keeping the distally-actuated tool translation and decoupled kinematics.

In this work, we develop a robotic surgical system — the intraOcular RoBotic Interventional System (iORBIS). A novel RCM
mechanism is proposed such that the tool translation is directly driven by a linear ball screw actuator mounted near the base. A
double-prismatic joint that constrains the excessive DoF is included to sustain the parallelogram-based RCM mechanism. Besides,
the actuation of translational and rotational motions is decoupled. Thus, the kinematics and control of the robotic manipulator are
identical to those with a conventional parallelogram-based RCM mechanism.

By leveraging the simplified design near the end-effector, the iORBIS is capable of automatic instrument changing. This function
further enhances the time-efficiency of robot-assisted surgical tasks in where switching of surgical instruments is required. Automatic
instrument changing is an important feature but rarely implemented in the existing robotic surgical systems. [37] reports that the
ophthalmic instrument is changed, on average, every two minutes during a surgical task. Thus, it is essential to have the surgical
robot quickly and precisely switch the surgical instrument. In most of the existing systems [9,38], customized instrument fixture
design for manual instrument changing is typically applied. In the steady-hand eye robot [39], a variety of instruments is redesigned
such that both axial fixation and rotation are achieved by a unified interface between the tool and the end-effector. [37] attaches
adapters to the instruments to reduce the cost of redesigning the surgical instruments. The time required to switch an instrument
manually is around 12 s.

To enable automatic instrument changing, the IRISS [13], the Vanderbilt system [40], and the design of Preceyes surgical
system [41] allow the installation of multiple tools on the end-effector. However, these designs accompanied by a tool switching
mechanism inevitably increase the complexity and volume of the manipulator. In fact, automatic tool changing is a mature
technology in industrial applications [42,43]. This function has also been implemented in the existing robotic systems for general
surgery [44]. However, due to the volume constraint in ophthalmic microsurgery, no automatic instrument changing system has
been implemented on an intraocular surgical robot with a parallelogram-based RCM.

The main contributions of this work are threefold:

1. Proposing a novel RCM mechanism that directly actuates instrument insertion and retraction while avoiding the installation
of a linear drive or cable-pulley scheme near the end-effector. The effect and treatment of assembly errors in the proposed
RCM mechanism are also analyzed.

2. Designing an automatic instrument changer to enable quick and precise switching of commercially available instruments
within 10 s.

3. Evaluating the feasibility and performance of the prototypical system. The RCM precision is shown as better than 0.5 mm.

The rest of this article is organized as follows: the proposed RCM mechanism and kinematic analysis are provided in Section 2; the
mechanical designs for the robotic manipulator and automatic instrument changer are described in Section 3; Section 4 demonstrates
the evaluation of the prototypical system; the concluding remarks are given in Section 5.

2. Proposed mechanism and kinematic analysis

In this section, a novel RCM mechanism with distally-actuated instrument translation is proposed. The kinematic model of the
robotic manipulator is derived. The formulation, implication, and estimation of the assembly errors are then analyzed.
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Fig. 1. Mechanism synthesis for the iORBIS robotic manipulator. (a) The conventional double-parallelogram RCM mechanism. (b) The linear actuator in subfigure
(a) is moved to the segments CE and DF. (c) The proposed RCM mechanism, where the segment DF in subfigure (b) is fixed vertically and the rotary joint D is
replaced with a double-prismatic joint.

2.1. Conceptual design

The mechanism synthesis of the robotic manipulator is illustrated in Fig. 1. Fig. 1(a) shows the conventional double-parallelogram
RCM mechanism. Typically, the RCM is aligned with the incision port. Two rotational DoFs are actuated by attaching motors at
the rotary joints near the base. A linear actuator is installed near the end-effector to actuate the tool insertion and retraction.
In the conventional double-parallelogram RCM mechanism, all of the motion axes are decoupled. The tool-tip position is usually
represented in the polar coordinate system, which directly maps the desired motion to the actuated DoFs.

The tool translation can be remotely actuated by installing two linear actuators at the segments CE and DF, respectively
(Fig. 1(b)). However, this arrangement creates an excessive DoF if two linear actuators are not synchronous. It is very challenging to
synchronize the motion of these two actuators even as both actuators are identical. Different inertia and payloads cause unbalanced
motions and, thus, diminish the RCM precision.

The key of the double-parallelogram RCM mechanism is that the segments AB, CD, and EF must be parallel. The parallelogram
constraint is satisfied in this work by adding a double-prismatic joint at joint D (Fig. 1(c)). The segment DF is vertically fixed on the
baseline EF. In this mechanism, the segment CD is always parallel to EF, and, therefore, only a single linear actuator is required.
The tool translation is directly driven by the linear actuator attached to CE. The actuation of the other two rotational motions is
identical to that in the conventional double-parallelogram RCM mechanism. Thus, all of the motion axes are still decoupled in the
proposed RCM mechanism.

The performance comparison between the proposed RCM mechanism and the conventional double-parallelogram RCM mecha-
nism is made using a finite element simulation. The models of both RCM mechanisms are as illustrated in Fig. 2(a). In the simulation,
force impulses are applied to the linear actuators, emulating the reaction forces caused by tool insertion accelerated from 0 to
100 mm/s within 0.01 s and deaccelerated at the same rate after 0.1 s. The maximal deformations of the mechanisms and the
displacements of the tool-tips are shown in Figs. 2(a) and 2(b), respectively. The results indicate that the tool-tip displacement
caused by tool acceleration is improved by 20 times using the proposed RCM mechanism. As will be shown in the next subsection, the
kinematic model of the proposed RCM mechanism is identical to the conventional double-parallelogram RCM mechanism. Therefore,
both RCM mechanisms own the same workspace and manipulability.

2.2. Kinematic model and assembly errors

The definition of the coordinate frames and kinematic parameters for the iORBIS robotic manipulator is illustrated in Fig. 3. The
values of the kinematic parameters are listed in Table 1. The fixed reference frame (X,, Y,, Z,) is located at the ideal RCM of the
proposed mechanism. The frame (X,, Y, Z,) is located at the tool-tip.

Ideally, the tool-tip rotates about the X, - and Y,-axis as the rotary joint ;, € R and 6, € R revolves, respectively. When
0, = 6, = 0, the robot is at the initial position where Z, is parallel to Z,. The prismatic joint d; € R determines the depth of insertion
through the RCM. The rotary joint 6, € R indicates the rotational angle of the instrument about its centerline. By controlling these
joints, the tool-tip is driven to the desired pose.

Due to the complexity of the parallelogram mechanism, assembly errors may appear and have significant effects on the RCM
performance. Specifically, three critical errors are considered in this work, namely the angular misalignment error ¢ € R and the
radial misalignment errors 6 € R and e € R. The error ¢ appears when the double-prismatic joint is not perpendicularly connected.
6 and e represent the propagation of errors in the kinematic chain along the X,- and Y;-axis, respectively.

Considering the assembly errors, the homogeneous transformation matrix mapping the tool-tip frame (X,, Y;, Z,) to the reference
frame (X,, Y,, Z,) is derived using the Denavit-Hartenberg method:

—C26y €254 52 Px

o — | €154 ~Cas152 it 58481 &S Py &)
d S1S4 +5yC4C]  C4S) — Sp84€)  —CiCy Py
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Fig. 2. Comparison of tool-tip displacements caused by tool acceleration in the conventional and the proposed double-parallelogram RCM mechanisms. (a) The
mechanisms and their maximal deformations in the finite element simulation. Left: the conventional mechanism. Right: the proposed mechanism. (b) The tool-tip
displacements of each mechanism.

where
Py =so(d3 — 1)+ 6+ 1 (cy — 1), 2)
Py =—s16(d3 — 1)) + 55,6 + 15154 — Cp€, 3)
P =cioplds —1,) —c1528 — Iycys4 — s1€. ()]

Note that s, := sin(¢) and c, := cos(¢). Similarly, s; := sin(6,) and ¢; := cos(9;) for i = {1,2,3}. p;, := (x> Py, P2)s Prip € R3,
represents the tool-tip position in the reference frame.

When assembly errors are not considered, Eq. (1) can be reduced, and the result is identical to that of the conventional
double-parallelogram RCM mechanism. In this case, the inverse kinematics is derived as

0, = —sgn(p,)sin™ (—2), ®)
\/ Py +p;
—1 Dy
6, = sgn(p,tan"\( ) ®)
P+l

dy = sgn(p)\/p2 + P2+ p2+1, ()

According to Egs. (2)-(4), the RCM is voided as non-zero assembly errors are introduced. The attitude of the instrument is not
affected by the assembly errors. This statement obviously holds for the radial misalignment errors § and e. On the other hand, the
attitude of the instrument is copying the angles 6, and 6,, which are actively controlled by the actuators. The angular misalignment

error ¢ only affects the shape of the parallelogram, but not the joints 6, and 6,. Thus, the amount of ¢ does not affect the attitude
of the instrument.
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Fig. 3. Definition of the coordinate frames and kinematic parameters for the iORBIS robotic manipulator. (a) Side view. (b) Top view.

Table 1

Values of the kinematic parameters in the iORBIS manipulator.

Parameters I I, I
Values 200 mm 150 mm 37 mm

Using the forward kinematics (Egs. (2)-(4)), the joint velocities in the actuator space is mapped to the tool-tip velocities:

Ijx 9:1
b |=1|6|. ®)
Ijz d3

where J € R33 is the Jacobian matrix,

0 cy(dy —1,) = 5,6 Sy
J=]=cieo(ds —1,) +epspd+1leysy+sie sysplds —1,) +5106 =516, |- ©)
=spep(dy — 1)+ 51506 + [y sy5p —cre —cysp(dz — 1)) =166 ¢y
By solving det(J) = 0, three singularities are identified with the assumption of ¢ =0 and § = ¢ = 0:
/2
92 = {__ [ }
272 (10)
dy =1,
The singularities induced from 6, reflect the configurations where all four linkages of the parallelogram are colinear. The singularity
at d; = I, indicates the case where the tool-tip is located at the RCM. This effect exists in all mechanically constrained RCM

mechanisms.
2.3. RCM sensitivity analysis

A sensitivity analysis is performed to understand the effect of the assembly errors on the RCM precision and accuracy. For each
type of misalignment, various amounts of error are applied, respectively. Utilizing the homogeneous transformation 77 (Eq. (1)),
a set of instrument centerlines, obtained with a specific amount of error, is collected by uniformly commanding 6, and 6, in the
range of +45 degrees. We then determine the best location for the RCM based on these centerlines.

When # centerlines are collected, the best location for the RCM, pgcy, € R?, is defined as

Prcym =argminJ(d;,d,,...,d,)
P

d\ |3+ ||| + - + ||d, |3
:argmm\/n i+l + -+
P n

an
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Fig. 4. Sensitivity of RCM performance to the assembly errors. (a) RCM precision. (b) RCM accuracy.

where ”d JH denotes the Euclidean distance from p € R? to the centerline j, 1 < j < n. Once pgc,, is solved, the RCM accuracy and
precision are defined as ||pgca||, and the corresponding minimal cost J(d;,d,, ....d,), respectively.

The results of the RCM sensitivity analysis are shown in Fig. 4. As expected, a perfect RCM is obtained when zero assembly errors
are applied. Both the RCM precision and accuracy are getting worse as the assembly errors increase. For the angular misalignment ¢,
the RCM precision and accuracy decrease around 1 and 1.7 mm per degree increase of |¢|, respectively. For the radial misalignment
€, the RCM precision and accuracy decrease around 0.2 and 1 mm, respectively, when |e| increases 1 mm. The effect of the radial
misalignment § in RCM accuracy is similar to that of e. The RCM precision is less sensitive to the radial misalignment § than to e.

The RCM accuracy can be improved after kinematic calibration. Hence, the RCM performance mainly depends on its precision.
In this sense, Fig. 4 suggests the importance of accurate alignment of the double-prismatic joint. It is also suggested to reduce the
assembly error ¢ as it affects the RCM precision heavier than 6.

2.4. Assembly error estimation

Estimating and then correcting the misalignment errors after fabrication and assembly are essential to improve the RCM
performance. For estimating the assembly errors, conventional methods usually require measurements of tool-tip positions in the
reference frame (X, Y,, Z,). In practice, this requirement is challenging to meet because the measuring system has its own coordinate
system. It is not trivial to determine the transformation matrix from the sensor’s coordinate to the robot’s coordinate when the
assembly errors have not been calibrated.

In this work, a novel method is proposed for assembly error estimation based on contour distortion. Specifically, the iORBIS
manipulator is commanded to follow several circular trajectories. The output trajectories are captured by a motion capture system.
We then analyze the shape of the contours and use it as the feature to estimate the misalignment errors.

To start with, a circular trajectory parallel to the X Y, plane, with the center at (0,0,15) and the radius of 5 mm, is assigned as
the reference. The s,(d; — ! ) term in Eq. (2) and the —s;¢y(d3 — I ) term in Eq. (3) indicate the desired circular contour appearing
in the tool-tip trajectory. The effect of the misalignment error 6 imposing on p, is described by the ¢,6 term in Eq. (2). Since ¢, is
close to 1 when the circular contour is sufficiently small (i.e, 6, moves around 0 degrees), the misalignment error § uniformly shifts
the circular contour along the X, -axis, as illustrated in the right subfigure of Fig. 5. The /,(cy — 1) term in Eq. (2) is also negligible
as the misalignment error ¢ is sufficiently small.

On the other hand, the /,s;s, term in Eq. (3) distorts the circular contour when a non-zero misalignment error ¢ is considered,
as illustrated in the left subfigure of Fig. 5. In Eq. (3), the s,s,6 term is negligible and the c,e term uniformly shifts the circular
contour along the Y,-axis. Thus, the assembly errors ¢ and é do not distort the circular contour. By using these characteristics, it is
possible to estimate the misalignment error ¢ from the distorted contour projected on the XY, plane as those illustrated in Fig. 5.
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Fig. 6. Assembly error estimation using (a) aspect ratio and (b) long-axis angle of the distorted contour.

We propose using the aspect ratio of the distorted contour, ryy, to estimate the amount of ¢. The relationship between ry, and
¢ is shown in Fig. 6. When ¢ equals zero, ryy equals one, i.e., a perfect circular contour. ryy grows up as |¢| increases. There
is a nonlinear curve for positive ¢ and a linear curve for negative ¢. This is because when ¢ > 0, the length of the long-axis is
approximately the same as the diameter of the desired circular contour. The length of the short-axis, otherwise, is decreased by
I,s154- Thus, the aspect ratio of the distorted contour is a nonlinear function for positive ¢. Oppositely, the length of the long-axis is
increased by /,ss, and the length of the short-axis remains the same when ¢ < 0. Therefore, the aspect ratio is linear for negative
é.

The misalignment ¢ has multiple solutions as given the aspect ratio of the distorted contour; one solution is positive, the other
is negative. The long-axis angle 0y of the distorted contour is used to determine the sign of ¢. 6y, is O degrees for a positive ¢
and 90 degrees for a negative ¢. Thus, we can check whether 6y, > 45 degrees to determine the sign of ¢.

Similarly, the misalignment errors ¢ and 6 can be estimated based on the distorted circular contour projected on the Y,Z, and
X,Z, plane, respectively. Error estimating functions are established by fitting the data points in Fig. 6(a). Notably, the circular
contour projected on the Y, Z, plane is affected by both misalignment errors e and ¢. Hence, ¢ is set as an argument in the estimating
function of e. The fitting models and errors for each type of assembly errors are listed in Table 2.

The proposed method is evaluated by estimating N = 20,000 sets of assembly errors. In each set, the amount of assembly errors is
randomly generated within the range designated in Table 2. The distorted contour is collected using the forward kinematics (Eq. (1))
and disturbed by measurement noises. The measurement noises, emulating the measuring error of the motion capture system, are
uniformly distributed in the range of +0.1 mm. The root-mean-square (RMS) errors of the estimates ¢, ¢, and 6 are 1.8x10~2 degrees,
0.39 mm, and 0.15 mm, respectively. According to the sensitivity analysis presented in Section 2.3, the RCM precision and accuracy
will be better than 0.5 mm after correcting the assembly errors based on the estimates.



C.-W. Chen et al. Mechanism and Machine Theory 167 (2022) 104568

Table 2
Fitting and testing results of assembly error estimation.
Estimating function Range Long-axis angle Fitting model Fitting error Testing error
G(ryy) [deg] -3<¢$<0 Oxy > 45° poly3 24x%1077 18 % 102
0<h<3 Oxy <45° poly3 1.8x1072 ’
&, ry,) [mm] —3<E<0 Oy, >90° poly55 1.2x 107! 39 10-1
0<é<3 0y, <90° poly55 1.3x 107! ’
8(ryz) [mm] -3<6<0 Oy, < 90° poly3 2.0%107° 5% 10-!
0<6<3 Oy, > 90° poly3 1.1x1073 ’

Fig. 7. Detailed design of the iORBIS robotic manipulator.

3. Mechanical design of the iORBIS

In this work, a novel intraocular robotic surgical system — the iORBIS - is developed. The mechanical design of the iORBIS,
including the robotic manipulator and the automatic instrument changer, is described in this section.

3.1. Robotic manipulator

The detailed design of the robotic manipulator is shown in Fig. 7. The roll angle 6,, which indicates the rotational motion about
the X, -axis, is actuated by a brush DC motor with harmonic gearing (Harmonic Drive RH-11D-3001-E100AL) to reduce the error
caused by the mechanical backlash problem. A C-shape base is attached to the shaft of this motor. This base realizes the baseline
EF as illustrated in Fig. 1(c). The pitch angle 6,, which indicates the rotational motion about the Y,-axis, is actuated by another
brush DC motor (Faulhaber 2657W024CR, Planetary Gearhead 30/1 134:1, Encoder IE3-1024). This motor is fixed on the C-shape
base and drives the deformation of the parallelogram. The tool translation, denoted as d;, is actuated by a linear ball screw actuator
with a 2 mm thread. The ball screw mechanism is driven by a brush DC motor (Faulhaber 2642W024CR, Encoder IE3-1024).
The parallelogram structure is attached to the carriage of the linear actuator in order to actuate the translational motion of the
instrument.

The double-prismatic joint is realized by two linear guides connected perpendicularly. The vertical rail is fixed on the C-shape
base, representing the segment DF illustrated in Fig. 1(c). The horizontal rail is attached to the parallelogram structure, representing
the segment CD. Besides, the right end of the horizontal rail is connected to the slider on the vertical rail using a spring. The spring
force along the X,-axis mitigates the mechanical backlash problem caused by the gearbox of 8, motor. The lengths of the horizontal
and vertical rails are determined based on the desired moving ranges of the joints 6, and d;. The vertical rail is longer than the
maximum of d; to cover its range of motion fully. The length of the horizontal rail, on the other hand, is around twice the length
of the vertical rail. This design allows the joint 6, moves to +45 degrees as the joint d; is moved to the highest position.
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The effects of assembly errors are mitigated through our mechanical design. The horizontal linear guide uses two carriages to
connect with the vertical linear guide. This design increases the structural rigidity against gravitational force and, thus, ensures the
perpendicularity of the double-prismatic joint. In addition, a linear microstage (Misumi XFEES25), allowing fine adjustment within
+5 mm along the Y;-axis, is installed at the end-effector such that the radial misalignment ¢ can be compensated for. This microstage,
as not being actuated, is only with the weight of 30 g. As can be seen in Fig. 7, the design of the end effector still remains simple and
lightweight. Finally, the radial misalignment é is compensated for by including the estimated error in the design of the instrument
holder, which is fabricated after the robotic manipulator. Specifically, the holder shifts the instrument centerline along the X,-axis
by (I, + ), as illustrated in Fig. 3.

3.2. Automatic instrument changer

With the simplified design near the end-effector after applying the proposed RCM mechanism, automatic instrument changing
is made possible in the iORBIS. The specifications of the proposed instrument changing system are defined as being (1) able to
automatically change instruments without the need for calibration during a surgical task; (2) able to accommodate the instruments
of the diameter up to 10 mm; and (3) able to rotate the instrument about its centerline at the speed of 30 deg/s or faster.

Inspired by the work proposed in [37] and the automatic pen changing mechanism on a two-dimensional plotter (Roland DXY-
1200), the developed automatic instrument changing system comprises two parts: instrument adapters and instrument holders. The
instrument adapter creates a uniform interface between various surgical instruments and the instrument holder. The instrument
holder clamps the surgical tool through the instrument adapter. Particularly, the instrument can be transferred from one holder to
another empty holder once two holders are connected.

The detailed designs of the instrument adapter and instrument holder are shown in Fig. 8. Fig. 8(a) illustrates the components
and assembly of the instrument adapter. The adapter consists of a pair of collet and nut, a coupler, and a gear. The ER-16 collet
accepts instruments with a diameter ranging from 1 to 10 mm. A disk with V-shape edges forms the coupler. The coupler ensures
that the instrument can be repeatedly held at the same height with regard to the holder. The distance between the tool-tip and the
coupler is chosen as 100 mm. The gear is assembled with the coupler such that the joint 6, can be driven by a motor installed on
the top of the instrument holder. The nut radially squeezes the collet and fixes it with the coupler. Once the adapter is assembled
and locked with the instrument, all the components are coaxial with the centerline of the tool. The instrument holder (Fig. 8(b))
applies a spring force to clamp the surgical tool through the instrument adapter. When the holder carries the instrument, the clips
are propped. The spring force induced by the displacements of the clips pushes the instrument inward. Hence, the instrument is
self-aligning and self-centering via the V-groove method.

Automatic instrument changing is achieved by the clamping mechanism. The steps of picking an instrument from one holder to
another are illustrated in Fig. 9. Note that the source and the target holders are identical. In Step 1, two holders are aligned face to
face. In Step 2, the target holder is moved toward the source holder. Since the clips of the source holder are initially propped by the
clamped surgical instrument, the clips of the target (empty) holder split the clips of the source holder as two holders are connecting.
Once connected, the surgical instrument is clamped by the target holder (Step 3). After disconnecting two holders, the instrument
is transferred and self-aligned (Steps 4 and 5). Similarly, the instrument will be picked up by the source holder if these two holders
are connected again. This changing mechanism only requires a linear stage to align the holders. The linear stage is typically used
to carry the robotic manipulator for aligning the RCM to the incision port. Hence, the proposed automatic instrument changer does
not increase the complexity of the system.

A guideline to select the spring in the instrument holder is given as follows. The spring force must be sufficiently strong such
that the instrument is stably clamped against gravitational and tool-tissue interaction forces. Specifically, the spring constant K| is
subject to the following constraint:

(F,+F)
cos(6;)

where Al is the compressed distance of the spring as the instrument is clamped; F, and F, are the gravitational and tool-tissue
interaction forces applied to the instrument, respectively; I,, I,, 6,, 0;, and 6, are the kinematic parameters as labeled in Fig. 10.
The values of these parameters are listed in Table 3. Eq. (12) considers the worst case where the holder is facing the ground. We
also assume that the tool-tissue interaction force along the same direction reaches its maximum, approximately 200 mN in eye
surgery [45]. In this case, the gravitational and tool-tissue interaction forces are balanced by the spring force, and, thus, the spring
constant K; must be larger than 0.08 N/mm as the total weight of the instrument and instrument adapter is around 100 g. The
value of K| is selected as 0.27 N/mm to satisfy this constraint.

Once the spring is selected, the static force required to perform instrument changing is then analyzed. When two holders are
connected as the steps shown in Fig. 9, the target (empty) holder splits the clips of the source holder until it clamps the instrument,
and then pull the instrument out from the source holder. The instrument changing mechanism might fail if the linear stage cannot
provide sufficiently large forces against the resisting forces produced by the springs.

The force required to clamp the instrument, F,,, is a function of the distance between two holders:

cn’

2 KAl - 1,sin(6,) > - Lysin(6y), (12)

F,

cn

_ {F,g, if 45.0 > Ax > 43.7, 13

Fi + Fy,  if 43.7 > Ax > 25.0,
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(b)

Fig. 8. Detailed design of the automatic instrument changer. (a) The instrument adapter: the @ gear, @ coupler, ® collet, ® instrument, and ® nut. (b) The
instrument holder: the ® clips, @ base, and ® spring.

Step 1 Step 4 Step 5

Source holder

Target holder
Fig. 9. Steps of picking up an instrument. Upper: source holder. Bottom: target holder.

where Ax in mm is defined as the distance between the pivots of two holders. F,,, and F,,, are the resisting forces produced by the

spring on the target and the source holder, respectively:

KAl o - 1,5in(8,)

F,, =-— - c05(8; 7). 14
tgt lb,thSin(eb,tgt) cos( I,Igt) a4
K Al -1, sin(6 ) Linterc08(0; 100)
Fsrc -2 sSts,sre : a asre/) [ inter : itgt + cos(Gi Src)]' (15)
lb,src Sln(eb,src) lb,rgtSln(eb,tgt) ’
Note that 4/, ,,, and 4/, ;. indicates A/ in the target and the source holder, respectively. The same nomenclature is applied to other

kinematic parameters as well. /,,,,. represents the length of moment arm as the spring forces of the source holder apply to the clips

inter

of the target holder. All the kinematic parameters, except for /,, are varying as Ax decreases.
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Fig. 10. Kinematic model of the instrument holder (top view).

Table 3
Values of the kinematic parameters in the automatic instrument changer.

Actions [, [mm] 1, [mm] 1, [mm] Al [mm] 0, [deg] 0, [degl] 0, [deg]
Holding 29.4 14.8 19.7 12.1 77 49 49

The variation of F,, as Ax decreases from 45 to 25 mm is illustrated in Fig. 11(a). When Ax > 43.7 mm, the clips of the target
holder are slightly propped by the instrument adapter, as Step 1 shown in Fig. 9. During this phase, only F,,, is applied, and therefore
the resisting forces are relatively small. F,, is abruptly increased to 4.30 N at Ax = 43.7 mm. At this position (Step 2), the clips
of the target holder start to split the clips of the source holder. The resisting forces are contributed by two springs. As Ax keeps
decreasing, a discontinuous change of F,, appears at Ax = 37 mm due to the switch of the contact points. Once Ax = 33.7 mm,
however, the spring forces from the source holder start to assist the target holder to clamp the instrument. As a result, F,, becomes
negative (Step 3) until the instrument is completely clamped by the target holder at 4Ax = 25 mm.

The instrument changing process is halfway done. Next, the force required to pull out the instrument, after the instrument is
clamped by the target holder, is solely contributed by the resisting force from the source holder:

KsAl.wrc : laSin(ea,src)

F,,=-2 . 0; ¢re)- 16
o [b,xrcSin(eb,src) COS( IYMAL‘) ( )

In this case, Ax is increased from 25 to 45 mm. The corresponding F,, is illustrated in Fig. 11(b). The resisting force remains around
0.32 N when 4Ax < 36 mm. When Ax = 36 mm, the clips of the source holder start to push the target holder outward (Step 4 in
Fig. 9). Hence, F,, becomes negative until the instrument is completely disconnected with the target holder at Ax = 43 mm (Step
5).

According to the above analysis, the maximum of F,, is 4.30 N. This result is also roughly verified by an experiment performed
on an electronic scale. In summary, the linear stage utilized for instrument changing must provide an axial static force large than
4.30 N.

3.3. System integration

The integration of the iORBIS system is as illustrated in Fig. 12. For automatic instrument changing, an empty instrument
holder and the motor (Maxon 421721), which drives the rotational DoF about the instrument’s centerline, are mounted on the
robotic manipulator’s end-effector. Each of the required surgical instruments is assembled with an instrument adapter and clamped
by instrument holders on the tool shelf. The robotic manipulator is installed on an automated three-dimensional linear stage.
Once a different instrument is requested, the robotic manipulator will first retract the instrument and move to the initial position
(6, = 6,=0). Next, the automated linear stage shifts the robot to return the current instrument and then pick up the requested
one. Upon completing the instrument changing process, the surgical task resumes. This process is typical in industrial applications.
Therefore, we omit the details in this article.

In the iORBIS, a conventional three-dimensional linear stage is used for the convenience of prototypical experiments. The travel
range of the linear stage should at least meet the specification of the automatic instrument changing system. The stage moving the
robot along the X -axis is designed with an axial force up to 80 N. Thus, it provides a sufficiently large connecting force F,, for
instrument changing. Besides, we recommend using a lift stage for moving the robot along the Z,-axis, as shown in Fig. 12, to avoid
mechanical interference in the robot’s workspace. The stage can be modified or augmented with more DoFs per the requirements
in the operating room.

The brushed DC servo motors, which actuate the iORBIS system, are driven by H-bridge electronics. The angular position of each
actuated joint is measured by optical encoders. Using a typical PID controller implemented on the National Instruments real-time
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Fig. 11. Required forces to (a) clamp and (b) pull out the instrument from the source holder, respectively.

Fig. 12. Integration of ® the iORBIS robotic manipulator, @ the instrument shelf, and ® the three-dimensional stage.

target with the sampling rate of 1 kHz, position control is achieved. The robot can be commanded to follow a predefined trajectory
or controlled by a remote joystick under a master—slave configuration.

4. Prototype evaluation and discussion

In this section, a prototypical system is fabricated and assembled. We will evaluate the performance of the proposed RCM

4.1. System prototype

mechanism and the automatic instrument changer.

The prototypical system is implemented as shown in Fig. 13 (Supplementary Video 1). For surgical automation, each motion axis
is equipped with a photo-interrupter sensor to indicate the mechanical home position. The quantitative performance of each joint
is measured, as listed in Table 4. The ranges of motion of the joints 6, 6,, and d; are at least +100 degrees, +45 degrees, and 20 to
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Fig. 13. Prototypical iORBIS system.

Table 4

Joint attributes of the iORBIS system.

Joint Min limit Max limit Max velocity Resolution
0, —140 deg 132 deg 48.00 deg/s 0.90 mdeg
0, —47 deg 47 deg 100.00 deg/s 0.66 mdeg
dy 20 mm 170 mm 8.62 mm/s 0.49 pm

0, —oo deg oo deg 45.00 deg/s 0.85 mdeg
X, 0 mm 200 mm 84.03 mm/s 0.49 pm
Y, 0 mm 200 mm 84.03 mm/s 0.49 pm
Zz, 0 mm 75 mm 9.62 mm/s 25.52 pm

170 mm, respectively. In addition, the three-dimensional stage is able to translate the RCM in a 200 x 200 x 75 mm?> workspace.
Therefore, the iORBIS manipulator has a sufficiently large workspace for performing intraocular surgical procedures [13,27].

The joint accuracy and repeatability of the iORBIS manipulator are first evaluated. For each actuated joint, the manipulator
is commanded to move forward and backward for N = 10 cycles. At every commanded position, the joint positioning errors are
measured by the optical encoder. The average errors of each joint are shown in Fig. 14, in where the error bars represent the ranges
of two standard deviations.

According to the ISO 230-2:2006 standard [46], the accuracy of the joints 6,, 6,, and dj is 0.19 degrees, 0.06 degrees, and
0.33 mm; and the repeatability is 0.02 degrees, 0.04 degrees, and 0.32 mm, respectively. The excellent repeatability of 6, and 6, is
contributed by the anti-backlash mechanism using the harmonic gearing and preloaded spring, respectively. The accuracy of both
joints can be improved further after a delicate calibration. A relatively large backlash is measured on the joint d; due to the ball
screw mechanism. We recommend replacing the ball screw mechanism with a permanent magnet linear motor in future versions to
solve this problem.

4.2. RCM performance

Applying the method presented in Section 2.4, the assembly errors are estimated and corrected. The resulted RCM performance
is evaluated in this subsection. Conventional approaches for RCM evaluation involve using a third-party sensor like a stereo camera
system to measure the pose of the end-effector [47]. However, these approaches require a complicated setup. The accuracy of the
evaluation results is also subject to the measuring error of the sensory system. In this work, instead, we apply a mechanical approach
to evaluate the RCM performance.

The experimental setup for evaluating the RCM performance is shown in Fig. 15. The iORBIS manipulator holds a needle made
of aluminum with a diameter of 1 mm. The RCM of the robot is aligned to a circular hole in a thin aluminum plate. The needle
penetrates the hole when the iORBIS manipulator moves around. A multimeter is used to detect whether the needle touches the
edge of the hole during the motion. One probe of the multimeter is connected with the needle, and the other probe is connected
with the plate. When the needle contacts with the edge of the hole, a conductive path is formed, and the multimeter will beep.
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Fig. 14. Joint accuracy and repeatability of the iORBIS manipulator. The error bars represent the ranges of two standard deviations over N = 10 samples.

Fig. 15. Evaluation of the RCM: ® Needle held by the iORBIS with a diameter of 1 mm; @ A hole locating at the RCM with a diameter of 2 mm; ® Inclinometer;
@ Multimeter detecting the contact between the needle and the edge of the hole.

In the experiment, the multimeter never beeps when the joints 6, and 6, move in the range of +45 degrees (Supplementary
Video 2). This result implies that the RCM precision is better than 0.5 mm since the hole in the aluminum plate is with a diameter
of 2 mm.

4.3. Tool-tip positioning accuracy

Experiments are conducted to evaluate the tool-tip positioning accuracy in static pointing and dynamical trajectory tracking. In
this experiment, the actual tool-tip positions are recorded using the PhaseSpace Motion Capture System [48] under the sampling
rate of 26 Hz. The linear transformation between the sensor’s coordinate and the robot’s coordinate is established using Procrustes
superimposition. Then, the I, error between the ideal and the measured position in the robot’s frame is calculated to assess the
tool-tip positioning accuracy.
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Fig. 16. Tool-tip positioning error of the iORBIS manipulator.

The robot is commanded to a set of points distributed in the robot’s workspace to evaluate the static tool-tip positioning accuracy.
Specifically, d; is commanded such that 2 = d; — 1, = 0 (the tool-tip is locating at the RCM), h = —10 (the tool-tip is 10 mm away
from the RCM), h = —20, and h = —30 mm. For each set of 4, the joints 6, and 6, move uniformly in the range of +30 degrees.

Fig. 16 shows the static tool-tip positioning accuracy. The errors are mostly less than 1.5 mm when the joints 6, and 6, move
in the range of +20 degrees. When the tool-tip is locating at the RCM (h=0), the maximal error, 1.56 mm, occurs at 8, = 6, = 30
degrees. The worst-case happens when 4 = —30 mm, where the maximal error is around 3 mm. Note that the amount of the measured
errors contains the sensory inaccuracy, especially when the marker is almost occluded as the joints , and 6, move to a large angle.
Since the joint repeatability of the iORBIS manipulator has been shown excellent, the tool-tip accuracy can be improved further
after a delicate calibration of kinematic parameters.

To assess the dynamical tool-tip positioning accuracy of the iORBIS manipulator, the robot is commanded such that the tool-tip
is tracking a circular trajectory as illustrated in Fig. 17(a). The tracking error is shown in Fig. 17(b). The I, error, |lel||,, and the
errors along each axis, e,, ey, e, are all less than 1 mm.

4.4. Performance of automatic instrument changer

The performance of the automatic instrument changer is evaluated in this subsection. An example of returning and picking up
an instrument is shown in Fig. 18 (Supplementary Video 3). At r = 0.00 s, a tool adapter attached with a red marker is held by the
iORBIS manipulator. By moving the iORBIS manipulator toward the instrument shelf using the three-dimensional actuated stage,
this adapter is returned at t = 1.92 s. The returning process is completed, at t = 3.90 s, after moving the iORBIS manipulator back to
the initial position. By repeating the same motion, the adapter is picked up again at 7 = 7.80 s. Although the automatic instrument
changer is possible to work with a faster changing-speed, unnecessary vibrations would be induced when rapidly moving the iORBIS
manipulator. Hence, we did not test the system with a faster motion. The experimental result has already confirmed that the time
required for switching an instrument is less than ten seconds, which is fast enough for performing intraocular surgical tasks.

The repeatability of the automatic instrument changer is then assessed. The instrument adapter is returned and picked up from the
three holders installed on the instrument shelf as the setup shown in Fig. 18. Each holder is tested for ten cycles. In this experiment,
Piip = (px, > b;), the position of the red marker representing the tool-tip, is recorded using the motion capture system. The standard
deviations of p,, p,, p,, and ‘Ptip” , are listed in Table 5. The amounts of the standard deviations are all less than 0.1 mm, which is
close to the resolution of the motion capture system. This result demonstrates the excellent repeatability of the proposed design.

The sensitivity of the automatic instrument changer is tested in this study. An offset is added to the three-dimensional actuated
stage as the alignment error. The tool-tip position after changing with the specific stage alignment error is compared to the ideal
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Fig. 17. Circular trajectory tracking. (a) Reference trajectory and measured tool-tip positions. (b) Tracking error.

t=0.00s

Returning the instrument... Picking up the instrument...

Fig. 18. Temporal screen shots of returning and picking up an instrument.

Table 5
Repeatability of automatic instrument changer.
Holder o(p,) [mm] o(p,) [mm] o(p.) [mm] zr(lp,,p 2) [mm]
#1 0.037 0.004 0.025 0.041
#2 0.011 0.010 0.036 0.015
#3 0.057 0.024 0.017 0.054

position. The alignment error is ranging from —1.5 to 1.5 mm and sampled every 0.25 mm. For each sampled point, the experiment
is repeated for five times. The repeatability and accuracy of the linear stage are shown better than 20 and 50 pm, respectively (see
Fig. 19). Compared to the amount of alignment errors, the positioning inaccuracies of the linear stage are negligible.

The results of the sensitivity study are presented in Fig. 19. When the stage alignment error is set as zero, the repeatability
of the instrument changer is demonstrated. When the alignment error increases, the tool-tip positioning error slightly grows up.
Particularly, the sensitivity along the X -axis is worse than the other two axes. The error variance along the X -axis is also larger
than the others. These effects suggest that the holder might not stably clamp the instrument adapter if the distance between two
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Fig. 19. Sensitivity of automatic instrument changer to the stage alignment errors.
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Fig. 20. Stability of instrument as the joint 6, rotates.

holders is not properly assigned. Generally speaking, the tool-tip positioning error is always less than 0.4 mm with the self-alignment
design, even as the stage alignment error is up to 1.5 mm.

Last but not least, we evaluate the stability of the instrument when the joint 6, is rotating. Since it is not trivial to accurately
attach a marker on the centerline of the instrument adapter, we install a micro camera in the adapter. An image-based method is
used for the evaluation. In the experiment, a sheet printed with concentric circles is placed in front of the camera. The center of the
concentric circles is aligned to the optical axis of the camera. The distance between the camera and the target is around 80 mm.
We then rotate the joint 6, and record the deviations of the concentric circles. Ideally, the center of the concentric circles will show
exactly at the center of the captured images no matter how the joint 6, rotates. The experimental result is shown in Fig. 20, in where
the maximal deviation is measured around 0.17 mm. This result confirms that the instrument is stably held by the robot when the
joint 6, is rotating.

5. Conclusion

The mechanical design of the intraOcular RoBotic Interventional System (iORBIS) is analyzed and evaluated in this work. With the
novel parallelogram-based RCM mechanism, our system features distally-actuated instrument insertion and retraction. The simplified
and compact design near the end-effector further enables the integration of an automatic instrument changing subsystem. The time
required for returning an instrument and picking up another one is shown to be less than ten seconds.

The kinematic analysis regarding the proposed RCM mechanism is performed. In order to improve the RCM performance, a
method is proposed to use the shape of distorted tool-tip trajectories for assembly error estimation. After correcting the misalignment
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errors based on the estimated values, the RCM precision of the prototypical system is demonstrated as better than 0.5 mm. A series
of experiments has verified the properties of the iORBIS system. The dynamical tool-tip positioning accuracy is better than 1 mm,
while the tool-tip positioning error may be up to 3 mm as the manipulator moves to a large angle.

We are currently improving the iORBIS to meet the clinical requirement of 10 pm positioning accuracy. The inaccuracies caused
by manufacturing errors and mechanical backlash will be reduced by revising the detailed design and actuation methods. A delicate
kinematic calibration will be conducted. In the future, we will integrate other medical imaging modalities with the iORBIS and
test its feasibility in performing intraocular surgical tasks. We will also evaluate the potential of converting the prototype into a
commercial product.
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