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Abstract—Minimally Invasive Surgery (MIS) is a useful but
challenging surgical technique. Several robotic manipulators have
been realized in the past three decades to overcome its difficulties.
However, a majority of these manipulators lack two important
features: (i) the ability to provide a right-angled tool entry
(with respect to the surrounding skin tissue) for entry-ports
located on far-side of the patient’s body, and (ii) rapid change
of the surgical tools. To solve these issues, this paper presents
synthesis of a new surgical manipulator that ensures a rightangled tool entry—in order to reduce post-operative pain in
the patient’s skin-tissue—through its novel design. We describe
the design, perform kinematic analysis, and validate the robotic
manipulator’s ability to maintain a remote center of motion
(RCM). The proposed manipulator is equipped with a quickrelease mechanism to facilitate rapid change of the surgical
instruments during robot-assisted surgery. Contrary to the state
of the art, the proposed manipulator does not require extra
passive arms to provide a proper tool entry-angle. The manipulator’s performance is experimentally evaluated by performing
a) tool-insertion, b) pegs-transfer, and c) path-following tasks in
a master-slave teleoperation setting. It is demonstrated that the
manipulator can perform basic surgical tasks, such as pick-andplace and object manipulation, with a high success rate.
Keywords—Surgical manipulator, kinematic design, RCM mechanism, replaceable surgical tool, robot-assisted surgery.

I.

I NTRODUCTION

Minimally Invasive Surgery (MIS) [1] is a technical and
innovative way to perform surgeries. Contrary to the centuriesold method of open surgery, MIS uses long and thin surgical
instruments, that are inserted inside the patient’s body by
piercing small holes in the outer skin-tissue. These instruments
are called laparoscopic tools and their entry-port (hole) in the
patient-body is referred to as the incision, as shown in Fig. 1.
MIS offers numerous advantages over the traditional open
surgery method in terms of efficacy and cost-effectiveness.
It helps reduce the blood-loss, post-operative pain, bed and
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Fig. 1: Minimally Invasive Surgery requires four degrees
of freedom (DoFs) at the tool entry-port. It is desirable to
maintain a nearly vertical tool insertion to avoid the skin stretch
that causes a post-operative pain in the surrounding belly area.
hospital stays, and, therefore, the overall cost of surgical
care [2]–[5].
However, despite of its many advantages for the patients,
MIS is quite challenging to perform [6], [7]. One major reason
for this is the absence of direct contact between surgeons’
hand and the patient tissues. In MIS, surgeons have to operate
the surgical tools from outside of the patient’s body [8],
i.e., remotely. It makes difficult for them to feel the nature
(stiffness) of the patient tissues and correctly estimate the
amount of forces being applied. Another difficulty arises due
to the counter-intuitive motion of the surgical tool [9]. It can be
visualized from Fig. 1 that any movement at the surgical tool
handle in pitch and yaw direction would cause a corresponding
opposite movement at the tool tip. As the laparoscopic tool
remains hinged at the incision location, the resulting fulcrum
effect causes counter-intuitive motion at the surgical tool tip.
To overcome these difficulties, several robotic solutions have
been proposed in the past three decades or so. Literature
review shows that many of the existing surgical manipulators,
such as [10]–[16], are based on one special kind of planar
Remote Center of Motion (RCM) mechanisms, called DoubelParallelogram (DP) RCM mechanism [17]. This includes the
most widely used surgical robot da Vinci, by Intuitive Surgical,
USA. DP mechanism’s relatively simpler design, inherent
rigidity, and compact lateral footprint makes it a popular choice
for MIS applications [4]. However, state-of-the-art planar RCM
manipulators, such as da Vinci [1], [10], SOFIE [11] and,
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Fig. 2: An example use of a pre-surgical setup device (enclosed
with dotted lines) to maintain a proper tool entry-angle.
Without such hardware, providing a right-angled tool entry
becomes challenging for ports located on the far-side of the
patient’s body (gray area, marked by R).
Silver and Black Falcon [18], cannot provide a suitable tool
entry-angle on their own, especially when the entry-port is
located on the far-side of the patient-body. In MIS, it is
desirable to have a right-angled tool entry to the patient’s
body with respect to the surrounding skin-tissue [19], as shown
in Fig. 1. This can help avoid causing unnecessary fatigue
and post-operative pain, such as the parietal pain [20] and
Myofascial Pain Syndrome [21], in the surrounding skin-tissue.
As the abdominal wall features a curvy shape, maintaining a
nearly right-angled tool entry becomes challenging for surgical
manipulators for certain port locations. One such location on
the far-side of the patient’s body is shown in Fig. 2. Another
important feature is the range of the surgical tool movements—
necessary to meet the MIS workspace requirements [22]—
which should remain available to the operator (surgeon) irrespective of the tool entry-port location.
However, the above-mentioned manipulators cannot achieve
these features on their own and, therefore, must rely on
specifically-designed extra hardware, referred to as the presurgical setup devices [11]. An example scheme depicting the
use of such a device is shown in Fig. 2. The da Vinci [10] and
SOFIE surgical robot [11] employ similar means to achieve
a proper tool entry-angle and ‘reach’ over the surgical area.
The use of this extra hardware adversely affects the size,
weight and cost of these surgical systems. The pre-surgical
setup devices may also cause occlusion and limit the access
of the medical staff to the surgical site [23], which can be
of critical importance in case of an emergency, e.g., failure in
control or robot hardware.
Although this extra hardware is meant to provide proper
orientation and positioning of the robotic manipulators, the
actual workspace and performance may decrease for entry-
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Fig. 3: Proposed RCM mechanism, with scheme to achieve
the basic DoFs required for Minimally Invasive Surgery.
TABLE I: Comparison of selected features with existing planar
surgical manipulators
Name
SOFIE [11]
Silver Falcon [18]
Black Falcon [18]
da Vinci*
Proposed

Pitch

Manipulator
Yaw
Translation

70◦
90◦
160◦
–
170◦

180◦
90◦
120◦
–
180◦

300 mm
190 mm
203 mm
–
300 mm

Instrument
Actuator-free
Quick-release
No
Yes
Yes
Yes
Yes

No
No
No
Yes
Yes

* specifications not available.

ports located on the far-side of patient-body, as noted by
Freschi et al. [24] and others [25]–[27] in case of the da
Vinci Si surgical robot. A potential reason for the existing
manipulators’ inability to provide a proper tool entry-angle at
their own is their DP mechanism design, which has the yawaxis (AB, Fig. 2) parallel to the top-horizontal links (DE and
GF ). This layout of the yaw-axis does not naturally provide
a right-angled tool entry when the entry-port is located on the
far-side of the patient’s body, as shown in Fig. 2. Similarly,
the available operating workspace of the manipulator becomes
smaller and constrained in certain configurations, e.g., when
the tool is inserted from a port located on the far-side of the
patient-body [24]. This might be due to the limited availability
of the manipulator pitch movement range for such an entryport location.
To overcome the above-mentioned limitations, we propose a
manipulator design that offers—with all advantages of the existing planar RCM-based manipulators—a nearly right-angled
tool entry to the surgical site, including ports located on the
far-side of the patient-body. The proposed design accomplishes
this by modifying the traditional DP mechanism and does not
require a pre-surgical setup device. A tilted yaw link (AJC,
Fig. 3) is used to provide the desired tool entry-angle by
shifting the yaw-axis (AA′ ) location and orientation.
The manipulator also carries an actuator-free surgical tool
that is quickly replaceable. Being actuator-free means the
same actuators—three in this case—are used to drive different
surgical tools at different times. This is desirable to reduce
the overall cost of the surgical robotic system and allow rapid
change of the surgical tools during robot operation. Given the
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TABLE II: DH parameters for the simplified representation of
the proposed manipulator design
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Fig. 4: A simplified representation of the manipulator: θ1 , θ2
and r denote the yaw, pitch and tool translation below the
RCM point O, respectively.
manipulator’s ability to insert the surgical tool at a proper
entry-angle by virtue of its design, it does not require a presurgical setup device to accomplish the desired surgical tasks.
To describe the design and development of the proposed
manipulator, the paper has five sections. Sec. II describes
the proposed manipulator design and its kinematic analysis.
Sec. III describes the actuator-free surgical tool design and its
quick-release mechanism. The performance evaluation of the
robotic manipulator for basic surgical tasks, such as manipulation and pick-and-place, is given in Sec. IV. Sec. V provides
conclusions with directions to the future work.
II. M ANIPULATOR D ESIGN
To design a manipulator that can overcome the abovementioned problems, the kinematic requirements for the MIS
have to be studied. As shown in Fig. 1, MIS requires four
degrees of freedom (DoF) at the incision point; namely pitch,
yaw, roll and (tool) translation. Another fundamental requirement is that the tool remains virtually hinged at the center
of the incision, i.e., there is no lateral movement at the tool
entry-port. This incision constraint is called Remote Center of
Motion (RCM), from a technical view-point. RCM is defined
as the point about which a mechanical mechanism, or part of
that mechanism, rotates [4]. In terms of workspace, Rosen et
al. [22] experimentally determined the required workspace for
MIS, which is a conic volume with vertex angle of 90◦ [28]. A
tool translation of 15-30 cm is required inside the patient-body
[11], [18]. Additionally, a proper tool entry angle with respect
to the surrounding skin-tissue at the entry-port is important
to avoid undue stretch in the skin-tissue, as discussed in the
previous section.
To provide a proper tool entry-angle without using a dedicated pre-surgical setup device, and to ensure the availability of
manipulator workspace for adversely located tool entry-ports,
we propose a new manipulator design. Based on a modified
DP RCM mechanism, the proposed design has following four
distinctive features; (i) ability to provide a right-angled tool
entry without needing a pre-surgical setup device, (ii) unrestricted workspace even for adverse port-locations, (iii) rapid
change of the surgical tools using a quick-release mechanism,
and (iv) an actuator-free compact surgical tool design.
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A. Proposed RCM Mechanism
Figure 3 shows the proposed RCM mechanism and the
scheme to achieve the required DoFs for MIS at the tool
entry-port. Yaw link AC rotates around axis AA′ through
actuator M1 and generates motion in the yaw direction. The
pitch motion is achieved through the parallelograms of the
DP mechanism, using actuator M2 . The surgical tool roll and
translation DoFs (motion in and out of the patient-body) are
obtained by the actuators M3 and M4 , respectively. RCM,
represented by point O, occurs at the intersection of axes AA′
and BB ′ . Sec. II-C demonstrates the RCM capability of the
proposed design.
The key difference between the traditional DP Mechanism
and the proposed design is the approach to achieve the yaw
DoF. In da Vinci, SOFIE and Black Falcon surgical robots,
the yaw-axis always remains parallel to the top links, as
described earlier. This limits their pitch DoF movement range
and, therefore, the ability to provide a proper tool entryangle for adversely located tool entry-ports. However, in the
proposed manipulator, the yaw link is designed such that its
axis passes through the RCM point (see Fig. 3). The slanted
yaw-axis has two advantages; First, the links responsible for
the pitch movement (CD, DE) can exhibit relatively larger
range of movement (see Table I) without colliding with the
yaw-link. Second, it offers a right-angled tool entry and
unrestricted workspace, irrespective of the entry-port location
on the patient-body.
B. Kinematics
A simplified representation of the design is shown in Fig. 4.
Points A, C, D, E, B represent revolute joints with respective
joint angles θ1 , θ2 , θ2 + π2 , θ2 and ψ3 . θ1 and θ2 denote the
yaw and pitch DoFs, respectively. Tilt angle of the segment
AJ with respect to the horizontal axis is represented by ψ1 .
Similarly, ψ2 represents angle of the segment JC with respect
to AJ. Here, l1 , l2 and l3 are link lengths for segments AJ, JC
and CD, respectively. If we consider the universal coordinate
system at Oo , link length l4 for segment DE, l5 for segment
EB, and l6 for segment BO can be expressed in terms of l1 , l2
and l3 through the relations expressed below.
lv = l1 sin(ψ1 ) + l2 sin(ψ1 + ψ2 ),
lh = l1 cos(ψ1 ) + l2 cos(ψ1 + ψ2 ),
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where, lv is the distance between point Oo and A, lh is the
distance between Oo and C, and lo represents the distance
between A and O. Here, r denotes the tool translation below
the RCM point (O), while θ1 and θ2 denote the yaw and pitch
DoFs, respectively.
Based on the simplified representation given in Fig. 4,
Denavit-Hartenberg (DH) parameters for the manipulator are
determined (Table II) using the classic DH notation [29], where
i denotes the joint number, αi represents the twist angle,
ai is the link length, di is joint offset, and θi represents
the respective joint angles. The homogeneous transformation
matrix, from the inertial frame Oo to the distal-end tip frame
O8 , can be expressed as,


r11 r12 r13 px
r21 r22 r23 py 
0
,
(7)
8 T = r
r32 r33 pz 
31
0
0
0
1

and its rotation elements are,

= −sψ1 cβ + sβcψ1 cθ1 , r12 = −sθ1 cψ1 ,
= −sψ1 sβ − cψ1 cθ1 cβ, r21 = sθ1 sβ,
= cθ1 , r23 = −sθ1 cβ,
= sψ1 sβcθ1 + cψ1 cβ, r32 = −sψ1 sθ1,
= −sψ1 cθ1 + sβcψ1 .
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Fig. 5: Manipulability index (w) of manipulator for the given
range of joint angles θ1 (yaw) and θ2 (pitch) at r = 3 (tool
translation in mm).
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Fig. 6: The effect of design constants (ψ1 , ψ3 ) over the
kinematic performance of the proposed manipulator for various
tool translations (r) below the RCM point. The kinematic
performance becomes higher for smaller values of the design
constants.
Here, s and c denote sin and cos functions respectively, and
β := ψ1 − θ1 + θ2 . px , py and pz represent position of the
distal link tip in Cartesian space which is given by,
r
(−2s(ψ1 − θ2 ) − 4s(ψ1 + θ2 )
px =
16sψ1 cψ3
+ 2s(3ψ1 + θ1 + θ2 ) − 4s(ψ1 + θ1 − θ2 )
− 2s(3ψ1 − 2ψ3 + θ2 ) − s(3ψ1 − θ1 + θ2 )
− s(3ψ1 + θ1 + θ2 ) − s(ψ1 + 2ψ3 − θ1 − θ2 )
− s(ψ1 + 2ψ3 + θ1 − θ2 ) − s(3ψ1 − 2ψ3 − θ1 + θ2 )
− s(3ψ1 − 2ψ3 + θ1 + θ2 ),
(13)
py = − rsθ1 cβ,
(14)
pz = l1 cψ1 + l2 c(ψ1 + ψ2 ) − rsψ1 cθ1 cβ


sψ2
+ rsψ1 cβ − rs(ψ3 − θ2 ) − l2
.
(15)
sψ1
Equations (8-12) and (13-15) express the tip orientation and
position of the distal link, respectively. This constitutes the forward kinematics of the proposed manipulator design. In Fig. 4,
px , py and pz correspond to the translation, yaw and pitch
DoFs respectively. The distal link tip velocities (ṗx , ṗy , ṗz ) are
mapped to the joint velocities (ṙ, θ̇1 , θ̇2 )) through the following
relation:
 
" #
ṗy
θ̇1
ṗz = J(θ1 , θ2 , r) θ̇2  ,
(16)
ṗx
ṙ

where J(θ1 , θ2 , r) represents the Jacobian matrix, given as


A B C
D E F  ,
(17)
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yaw-link provides axis (AO) at angle ψ1 to maintain a rightangled tool entry. Yaw-link and the humped design of Hlink jointly help in avoiding mutual link collision, which in
turn results in increased movement in the pitch direction. Two
stainless-steel braided cables (loop-I, II) with interconnected
pulleys are used to create a virtual parallelogram OEDC.
and its elements are:
A = −rcθ1 cβ, B = −rsθ1 sβ
(18)
C = −sθ1 cβ, D = rsψ1 sθ1 cβ, H = 4sψ1 cψ3 ,
(19)
E = r(sψ1 sβcθ1 − sψ1 sβ + c(ψ3 − θ2 ))
(20)
F = −sψ1 cβcθ1 + sψ1 cβ − s(ψ3 − θ2 ),
(21)
G = rsθ1 (sψ3 cβ − sψ3 c(2ψ1 + β)
+ s(ψ1 − θ2 ) + s(3ψ1 + θ2 )),
(22)
I = −r(2c(ψ1 − θ2 ) − 4c(ψ1 + θ2 ) + 2c(3ψ3 + θ2 )
+ c(θ1 + θ2 − ψ1 ) − 4c(β − ψ3 ) + 2c(ψ1 + 2ψ3 − θ2 )
+ c(ψ1 + θ1 − θ2 ) + 2c(3ψ1 − 2ψ3 + θ2 )
− c(3ψ1 − θ1 + θ2 ) + c(ψ1 + 2ψ3 − θ1 − θ2 )
+ c(ψ1 + 2ψ3 + θ1 − θ2 ) − c(3ψ1 − 2ψ3 − θ1 + θ2 )
− c(3ψ1 − 2ψ3 + θ1 + θ2 ))/4,
(23)
K = (−2s(ψ1 − θ2 ) − 4s(ψ1 + θ2 ) + 2s(3ψ3 + θ2 )
+ s(θ1 + θ2 − ψ1 ) − 4s(β − ψ3 ) − 2s(ψ1 + 2ψ3 − θ2 )
− s(ψ1 + θ1 − θ2 ) + 2s(3ψ1 − 2ψ3 + θ2 )
− s(3ψ1 − θ1 + θ2 ) − c(ψ1 + 2ψ3 − θ1 − θ2 )
− s(ψ1 + 2ψ3 + θ1 − θ2 ) − s(3ψ1 − 2ψ3 − θ1 + θ2 )
− s(3ψ1 − 2ψ3 + θ1 + θ2 ))/4.
(24)
C. RCM Validation
To ensure the proposed manipulator’s ability to maintain
a remote center of motion (RCM) for all possible configura-

yaw [cm]

Fig. 8: Manipulator workspace: translation axis shows the tool
position below the RCM point. The conic region depicts the
required workspace for MIS. It is evident that the manipulator
workspace is larger than the required workspace. Particularly,
the increase is significant in the pitch direction which is
instrumental in providing sufficient workspace for entry-ports
located on the far-side.
tions, we make use of the manipulability index proposed by
Yoshikawa et al. [30]. Manipulability (w) indicates the ‘degree
of ease’ of the distal-link tip to move in a given direction from
an arbitrary position inside the manipulator workspace. Higher
manipulability index means the tip can move with greater ease
(with higher velocity) from that position. A zero value of w
means the manipulator is either in a singular configuration or
the tip cannot move anymore in a given direction due to some
design constraint, like the RCM. For manipulators, with square
Jacobian matrix, manipulability [30] is expressed as,
w = detJ,

≥ 0.

(25)

When r = 0, the elements A, B, D, E, G, I of the Jacobian
matrix become zero. In such a configuration, it is obvious
that the first two rows (or the left two columns) of the
matrix (Eq. 17) become linearly dependent. Therefore, the
Jacobian determinant will become zero. Geometrically, this
configuration corresponds to the manipulator pose when the
distal-link tip coincides precisely with the RCM point. As
the joint angles (θ1 , θ2 ) change, the tip of the manipulator
maintains a zero manipulability, i.e., it does not move away
from the RCM point. This means, despite the mechanism being
not in a singular configuration physically, actuation in yaw
(θ1 ) and pitch (θ2 ) directions has no effect on the tip position
(Type-III Singularity, as classified by Gosselin et al. [31]).
On the other hand, when the tip is below the RCM point the
manipulability index is a non-zero positive value, as shown in
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Tool head (d) Tool tip; exhibiting the three possible movements.
Fig. 5. Hence, the mechanism possesses an RCM constraint
for the given range of the joint variables. The values of the
design constants used in this analysis (ψ1 = 20◦ , ψ2 = 10◦ ,
and ψ3 = 20◦ ) are based on the discussion given below.
D. Evaluation of the Design Parameters
The purpose of this evaluation is to determine suitable values
for the three design constants (ψ1 , ψ2 , ψ3 ) and evaluate the
effect of joint variables over the performance of the proposed
design. It is evident from Fig. 5 that, among the two joint
variables θ1 and θ2 , the kinematic performance is affected
only by θ2 . In other words, yaw DoF has no effect over the
kinematic performance as w does not depend on θ1 . On the
other hand, the change in w caused by θ2 is not significant
in terms of value. The plot also shows that the manipulator’s
kinematic performance remains identical on both sides—far
and near—of the patient body. This means the surgical tool
can be inserted on both sides without loss of performance. It
is also clear that the translation DoF (r) has a key role in
the kinematic performance of the manipulator. For example,
longer distance of the tool tip below the RCM point (larger
value of r) would result in an increased manipulability and
vice-versa.
For the design constants mentioned above, it is obvious from
the velocity Jacobian matrix (Eq. 16) that ψ2 has no effect over
the manipulator performance. To determine a suitable value for
the yaw-axis tilt angle (ψ1 ), we plot w for various values of
r. In this case, we keep θ1 and θ2 fixed such that tip of the
distal-link remains at the center of manipulator workspace with
respect to the pitch and yaw DoFs. Fig. 6 (dotted lines) shows
that smaller value of ψ1 is desirable because it yields relatively

higher w index. To achieve this, a value between 10 − 20◦
seems reasonable. Similar procedure is repeated for ψ3 . As
both, ψ1 and ψ3 , affect the manipulability index independently
so they are analyzed separately. The current solution considers
the entire possible range of both design constants for different
values of the tool depth (r) below the RCM point. From Fig. 6,
it is clear that a smaller value is desirable for ψ3 (solid lines)
as well. Based on the plot, a value between 5 − 20◦ yields
higher w index for all values of r.
E. Manipulator Sizing
After determining the relationship between the design parameters and kinematic performance of the manipulator in
previous section, we now compute the required link lengths to
achieve the desired workspace for surgical application. From
the kinematic equations and the geometric relations described
in Eqs. (1-6), it is clear that the link lengths l4 , l5 and l6
depend on the chosen values of ψ1 , ψ2 , ψ3 determined in the
previous section. For further simplification, we describe these
link lengths in terms of design constants ψ1 , ψ2 , ψ3 and lengths
l1 , l2 , l3 . This representation simplifies the overall problem as
three (l4 , l5 , l6 ) out of the six design parameters are eliminated.
While the effect of three joint variables (θ1 , θ2 , r) has already
been analyzed.
In Fig. 7, l4 represents the distance between the patient and
manipulator proximal-end (base). Using relations (2-4), l4 can
be expressed as
l4 =

l2 sin(ψ2 )
,
sin(ψ1 )

(26)
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Fig. 10: The 6-DoF master device used for slave experiments.
Finger holders offer independent control of the surgical tool
forceps (open/close and left/right) on the slave manipulator.

Fig. 11: Motor shaft tracking the reference position in realtime: It can be noticed that the tracking error is negligible and
the controller is highly responsive.

where, l2 , ψ1 and ψ2 are chosen such that l4 becomes equal
to 40 cm. This is a desirable value to have reachability
over the surgical site without causing a collision between the
manipulator base and the patient’s body. /.......b Given the
proposed manipulator design, link length l1 is only significant
to drive the yaw link around axis AA′ . To provide enough
space for the actuators and base unit connection, l1 is selected
as 18 cm. For l3 , a longer length is favorable but it needs to be
limited by the extent that the link CD does not collide with
the base. Therefore, a link length of 18 cm is determined to
be sufficient for this link as well.

tool design process involves consideration of the size, required
number of DoFs, ability to be quickly installed/removed, and
being actuator-free, i.e., remotely driven. The proposed surgical tool—which resembles da Vinic’s endoWrist instruments—
provides three DoFs; roll, left/right and open/close. It consists
of a pair of forceps, shown in Fig. 9(d), a slender hollow
shaft, a base platform to mount the hollow shaft, and a number
of idler pulleys to route the actuating cables as shown in
Fig. 9(c). Both forceps have grooves for the cable passage, and
are hinged at the distal-end of the shaft independently. These
forceps act as the end-effector of the robotic manipulator. Each
limb is actuated independently to provide the human-wrist like
articulation for dexterous manipulation. The slender hollow
shaft serves as a passage for the cables driving the forceps. The
shaft is mounted at the base platform with a bevel gear at the
end, shown in Fig. 9(c). This gear is meshed with another bevel
gear, which is then coupled with the actuator. This provides
the roll DoF for the surgical tool end-effector as shown in
Fig. 9(d). The realized prototype of the tool shown in Fig. 9(a)
weighs about 357 grams.
The base platform also carries two other capstans to drive
the forceps. The capstans are then coupled with the actuators through a specialized coupling mechanism. A tensioning
mechanism, shown in Fig. 9(c), is further added to ensure
a smooth and backlash-free movement. The bevel gear and
the two capstans mentioned-above are then coupled with three
different circular disks, each having an edge-to-edge female
rectangular slot . These disks are finally coupled with the
actuators through their male counterparts discussed in the tool
interface design (Sec. III-B).
To align the surgical tool with the driving part, the base
platform has fins on both sides. Contrary to the full-body
alignment scheme of da Vinci surgical tools, these fins help
the tool to easily slide in and out of the guide channels on the
adapter, as labeled in Fig. 9(c). An actuator-free tool leverages
upon the design modularity and reduces the overall cost. As
also in the da Vinci robot’s endoWrist tools, the actuator-free
design enables usage of the same actuators for driving multiple

F. Manipulator Workspace
To evaluate whether the manipulator covers enough space
to meet the MIS workspace requirements, we performed the
workspace analysis. Figure 8 shows a 3-D representation
of the manipulator workspace for the joint variables θ1 ∈
[−π/4, π/4] ≡ Ω1 , θ2 ∈ [0, 17π/18] ≡ Ω2 and r = 0.5 − 20
cm. Considering the pitch and yaw DoF movements, the manipulator can generate enough workspace for MIS application
as it completely covers the conic volume, representing the
required workspace for MIS. It is evident that the manipulator
workspace is larger than the required workspace, particularly
in the pitch direction. Translation axis shows that a tool depth
of 20 cm is achieved below the RCM point, which can be
simply increased by using a longer surgical tool. It is important
to note that the manipulator workspace does not contain any
singularities inside the required workspace region.
III. S URGICAL T OOL A ND I NTERFACE D ESIGN
This section describes the surgical tool design, its mechanical interface for remote actuation, and the quick-release
mechanism with the slave manipulator.
A. Tool Design
The surgical tool is expected to perform basic surgical
functions, such as pick-and-place and object manipulation. The
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slave manipulator

(1)

(a)

(2)

(3)

tool
torso

Fig. 12: The realized prototype of the manipulator weighs 7.45 Kg. Figure segments (1), (2) show different possible configurations
of the manipulator, while (3) shows the surgical tool making a right-angled tool entry from a port located on the far-side of a
dummy torso. Orange tape indicates an approximate location of the RCM.

(1)
(1)

(2)
(2)
Fig. 14: Path-following: The user, with the help of master manipulator, grasps and transports the rings—one at a time–from
one end to the other. It is desired that the ring should not come
into contact with the zigzag wire during the transportation.
Fig. 13: Pegs-transfer task: The user is asked to transfer the
rings one by one, starting from the distal row (1) to the
corresponding peg in the proximal row (2). An LED and buzzer
are used to indicate a failure, i.e., when the ring touches the
metallic pole.
tools at different times. A realized version of the proposed
surgical tool is shown in Fig. 9(a). As the tool does not carry
electronic components inside, it is easier to transform it into
an autoclavable design. This additionally offers safety against
electrical hazards like the current leakage and short-circuiting.
B. Tool Interface and the Quick-Release Mechanism
The tool interface mechanism supports two functions; i)
remote actuation of the surgical tool, and ii) means to rapidly
install and remove the surgical tool during robot operation.
It consists of two layers: The top layer ensures the tool
alignment and physical connection with the actuator unit. For

this purpose, it has guide channels, which direct the tool into its
place over the actuator unit. The second layer has a mechanism
for the quick-release of the surgical tool as explained below.
As majority of the surgical procedures involve use of multiple surgical tools, it is important to provide easy and rapid
change of the tool. For this purpose, a novel quick-release
mechanism has been introduced in the proposed design that
enables attaching and detaching the surgical tool in a couple
of seconds. It consists of an adapter plate, which houses male
couplings that in turn engage with the corresponding female
counterparts in the tool. The male couplings are driven by the
actuators installed behind them. The couplings are pressed by
concentric springs, shown in Fig. 9(b), to ensure smooth and
continuous connection.
Contrary to the da Vinci robot’s press-knob mechanism
for quick-release of the surgical tool, the proposed interface
introduces an independent cam-mechanism that moves the
plate, along with the male couplings, up and down. When the
cam thumb, shown in Fig. 9(b), is rotated, the male coupling
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parts get disengaged from the female parts. Once the tool is
inserted, the male couplings are then released by rotating the
thumb again. When actuators are initiated, the attached male
couplings engage with the female counterparts on the surgical
tool and provide means of a rigid connection.
IV. E XPERIMENTAL E VALUATION
Next, experimental evaluation is carried out to demonstrate
the robotic manipulator’s ability to i) maintain an RCM, ii) provide a proper tool entry-angle, and iii) be able to perform the
basic surgical functions—grasping, transportation, and objectmanipulation—that are part of the standard Fundamentals of
Laparoscopic Surgery (SAGES-FLS) task set. For this purpose,
a master-slave teleoperation system using a 6-DoF master
device (Fig. 10) was setup. A Proportional-Integral-Derivative
(PID) controller was implemented, where position error e(t)
represents the difference between the motor shaft position y(t)
and the commanded position r(t) from the master manipulator.
The controller tries to minimize the error by setting motor input
as represented by the control effort U . The error and control
law are
e(t) = y(t) − r(t),
Z
d
U = KP e + KI edt + KD e,
dt

(27)
(28)

where, KP , KI , and KD represent the proportional, integral,
and derivative gains, respectively. Fig. 11 shows the real-time
motor shaft position (red dotted line), tracking the commanded
position (blue line), with a staircase profile. The error is
negligible as indicated by the orange line, whereas the control
effort exerted by the servo drive is shown with the green line.
The steady-state position error is observed to be almost 0%.
A. Experimental Tasks
The first task included insertion of the surgical tool into
a far-side tool entry-port. The goal was to observe whether
the manipulator can maintain a proper tool-entry angle and
the RCM constraint. The user performed random tool movements using the master manipulator while the surgical tool
was inserted into the dummy torso. Fig. 12 shows different
manipulator configurations ((1), (2), (3)). The orange tape
indicates the approximate location of the RCM point.
In the second task, three users performed the pick-and-place
operation using the slave robot end-effector through the master
device. Each of them grasped the rings (Internal Diameter:
1.8 cm), shown in Fig. 13, one-by-one and transported them
to the corresponding poles on the proximal side of the metal
block (size: 12 × 12 cm2 ). The users were instructed to not
let the rings touch the pole surface during the transportation
from one end to the other. An LED and buzzer were used to
simultaneously indicate a failure in case of contact between the
ring and metallic poles. Each user performed the task 10 times
and the performance was logged. The results showed that, out
of 30 trials conducted, the users were able to successfully
complete the task for 27 times (success rate: 90%), where the
average completion time of a single task remained 21 seconds.

The third and final task required movement of the rings
along an arbitrary path, shown in Fig. 14. Users grasped one
ring at a time and transported it to the other end of the zig-zag
path. The goal was to move the ring along the wire without
coming into contact with the metal. The same LED and buzzer
setup was used to indicate a failure. Segments (1) and (2) in
Fig. 14 show the rings being transported from one end of the
wire to the other. Out of the total 30 trials conducted by three
users, 28 were successful (success rate: 93.34%). The average
completion time for the path-following task was 31.3 seconds.
B. Discussion
The tool insertion experiment showed that the RCM point
remains static (i.e., does not collide with the torso-skin) during
the manipulator movement in pitch and yaw directions. It
also supports the proposed design idea to provide a proper
tool entry-angle through the manipulator design, i.e., without
using a pre-surgical setup device. Fig. 12 shows the proposed
design’s ability to provide unhindered movement in the pitch
direction for the far-side entry-ports.
The pegs-transfer exercise demonstrated the slave robot’s
ability to perform the fundamental surgical tasks like grasping,
pick-and-place, and manipulation in 3-D. Similarly, the metrics
for path-following exercise showed that the users were able to
perform the desired task successfully for every nine out of
ten attempts. The users were able to perform the pegs-transfer
task slightly faster than the path-following tasks. The reason
for this probably relates to the complexity of the wired path.
However, these fundamental MIS tasks can only represent the
manipulator performance for a limited number of situations.
For a more complete and rigorous evaluation, surgical tools
with an increased number of DoFs are required to perform
more complex tasks like suturing and knot-tying.
V.

C ONCLUSION

This paper presented a novel surgical manipulator design
and its physical realization for robot-assisted MIS. The manipulator is shown to satisfactorily achieve the RCM through
its mechanical design, and provide enough workspace to
accomplish various surgical tasks. The manipulator’s ability
to facilitate a proper tool entry into the patient’s body by
leveraging its mechanical design has been practically demonstrated. The proposed design does not require an external
setup device such as the passive arms used by the da Vinci
and SOFIE surgical robots. Due to the planar design, the
manipulator is expected to be useful for applications requiring
use of multiple manipulators in close proximity, i.e. MIS [32].
An actuator-free, modular, and replaceable surgical tool is
realized with the motivation of reducing the overall cost of
the surgical system. The electronics-free design of the surgical
tool increases prospects of transforming it further into an
autoclavable device. A mechanical interface for easy and rapid
change of the surgical tools has also been presented.
The basic functionality and effectiveness of the realized manipulator for various surgical tasks was demonstrated through
experiments by setting up a master-slave teleoperation system.
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The experiments demonstrated the manipulator’s ability to perform all the basic surgical tasks with a significant success rate.
For a more rigorous evaluation, the manipulator’s performance
will be further studied in a multi-manipulator setting using
more precise measurement tools, such as motion capture. In
the future, we also plan to improve the manipulator design by
achieving the translation DoF through the RCM design itself
and realize a 5-DoF surgical tool to perform advanced surgical
tasks like suturing.
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