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Abstract

Background—To date a variety of teleoperated surgical robotic systems have been developed to 

improve a surgeons ability to perform demanding single-port procedures. However typical large 

systems are bulky, expensive, and afford limited angular motion, while smaller designs suffer 

complications arising from limited motion range, speed, and force generation. This work was to 

develop and validate a simple, compact, low cost single site teleoperated laparoendoscopic 

surgical robotic system, with demonstrated capability to carry out basic surgical procedures.

Methods—This system builds upon previous work done at the University of Hawaii at Manoa 

and includes instrument and endoscope manipulators as well as compact articulated instruments 

designed to overcome single incision geometry complications. A robotic endoscope holder was 

used for the base, with an added support frame for teleoperated manipulators and instruments 

fabricated mostly from 3D printed parts. Kinematics and control methods were formulated for the 

novel manipulator configuration.

Results—Trajectory following results from an optical motion tracker and sample task 

performance results are presented.

Conclusions—Results indicate that the system has successfully met the goal of basic surgical 

functionality while minimizing physical size, complexity, and cost.

Introduction

Laparoscopic surgery or minimally invasive surgery (MIS) has revolutionized traditional 

invasive surgical procedures and in recent years has become an inevitable convention in 

operating rooms world-wide. Traditional MIS is performed by passing multiple instruments 

and an endoscope through several small keyhole incisions in the patient body. The popularity 

of the technique stems from reduced patient trauma and subsequent recovery time realized 

with the use of smaller incisions [1]. Although minimally invasive surgery is extremely 

beneficial to patients, the indirect access to the surgical site hampers the surgeons dexterity, 

vision, and tactile perception.
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With the growing prevalence of MIS procedures, a focal point in the continued refinement of 

the technique has been the pursuit of further reductions in invasiveness. One approach has 

been a reduction in the number of the incisions. Single-port laparoscopy (SPL) [2, 3] with 

only one incision and natural orifice transluminal endoscopic surgery (NOTES) [4, 5] with 

no incision are two maturing techniques in this space. In NOTES procedures the surgical 

instruments are initially passed through a natural orifice such as the anus or throat and reach 

the surgical site via small internal incisions within the abdominal cavity. NOTES has many 

advantages over conventional laparoscopic surgeries including the lack of external scarring, 

reduction in abdominal wall pain, and reduced risk of external infection [6]. Despite the 

demonstrated patient benefits widespread adoption of NOTES has been restricted by 

technical limitations [7, 8, 9].

Single-Port Laparoscopy (SPL) has become the more feasible and utilized alternative to 

traditional MIS. SPL is performed by inserting a disposable multi-functional trocar through 

an incision into the abdomen and passing all of the surgical instruments and optics through 

this single incision. By reducing the number of operative incisions SPL acts as a bridge 

between a totally scarless surgical paradigm and conventional multi-port laparoscopy. The 

advantages of SPL are similar to those found with NOTES [10, 11]. While feasible there are 

challenges associated with performing SPL procedures. The primary limitation is the 

physical burden imposed on the surgical team by passing multiple instruments and an 

endoscope through a single incision in close physical proximity. Other considerable 

complications are instrument crowding, internal and external conflicts of equipment, and the 

loss of the instrument triangulation within the operative field [12, 13].

Emerging robotics technologies have the potential to address many of the physical and 

sensory limitations associated with MIS. Many robotic surgical systems [14, 15, 16, 17, 18] 

have been designed and developed to perform traditional, multiple incision MIS. The da 

Vinci surgical platform [19] in particular has successfully gained popularity amongst 

surgeons due to novel characteristics such as 3D optics, intuitive tele-manipulation, 

improved dexterity, and motion scaling [20]. However adapting the existing, standard MIS 

robotic systems for use in SPL procedures introduces considerable challenges [21]. The 

daVinci system address the SPL limitations via modified instruments and specialized trocar 

[22, 13, 23] and has shown the potential for robotic assistance in these procedures. 

Unfortunately problems such as non-specialized hardware and software have limited the use 

of the da Vinci platform in SPL [13]. Consequently a robotic platform designed specifically 

for SPL is a potential solution to alleviate the limitations of both modified multi-port robotic 

surgical systems (in SPL) and manual single-site surgeries [21].

Although a number of platforms have been developed to address the limitations of manual 

SPA surgery there are functional challenges associated with each of the prominent, existing 

design approaches. Larger systems equipped for single port operation such as the Intuitive 

Surgical da Vinci [24] are bulky, expensive, and afford limited angular motion.

Another general approach to robotic SPA surgery is to use a device which enters the body as 

a single shaft which can split into multiple branches inside the body to achieve the needed 

separation and triangulation between independent end effectors at the operative site. Titan 
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Medical's IREP system from Xu, Simaan, et al [25, 26], the PLAS system from Cheon et al 
[27], and the SAIT system from Roh et al [28] adopt this approach. Other similar small 

designs include the miniature system from Wortman et al [29], the SPRINT system [30], the 

highly versatile system from Salman Can et al [31] and the internal manipulator system of 

Won-Ho et al [32]. Such small devices typically suffer complications arising from 

combinations of limited translation, speed, and force generation.

The single-incision surgical robot system of Choi et al [33] uses a similar approach to our 

own in that multiple shafts are inserted and cross one another at the single incision site. The 

construction of this system is significantly more complex however.

By addressing these functional deficiencies, the simple, compact, modular, 3D-printable 

teleoperated surgical system presented in this paper provides advantages in portability, cost, 

size and ease of use. The stated advantages make the presented system a more viable 

assistive robotic option for a broader segment of the global medical community thereby 

potentially increasing the number of surgeons operating with robotic assistance and 

improving the rates of positive patient outcomes [34, 35].

The system configuration, its forward and inverse kinematics, and control methods are 

described in the following sections.

Materials and Methods

The complete teleoperated system is shown in Fig. 1. This photo includes the system base, 

its support frame with cross brace, a rigid endoscope with its support arm in the center, and 

motorized manipulators on either side holding robotic minimally invasive surgical 

instruments with their shafts passing through a single common insertion point with the 

endoscope shaft. A schematic block diagram of all the the subsystem components of the 

teleoperated surgical robot system and their interconnections is shown in Fig. 2, including 

master and slave devices for the left and right instruments, their manipulators, controllers 

and power supplies, and the endoscope with its holder and positioning frame.

Both instrument manipulators and the endoscope support arm are attached to the support 

frame, which has stainless steel toothed gear racks on either side for linear actuation and a 

3D-printed acrylonitrile butadiene styrene (ABS) cross-brace structure between them for 

rigidity. A ViKY XL endoscope manipulator from EndoControl Inc. [36] is used as the base 

of the system and controls the rotation and inclination angles for the support frame of the 

entire robotic system as well as the insertion depth of the endoscope. The ViKY endoscope 

manipulator includes voice recognition and pedal motion command interfaces. The design of 

the system support frame with the ViKY endoscope base is shown in Fig. 3.

This system configuration is similar to our previous system [37], however in that previous 

system the endoscope manipulator and each instrument manipulator were separate, each 

with its own base and incision point, whereas the currently described system incorporates a 

endoscope holder and two instrument manipulators into a single frame and base so that the 

three shafts may be inserted through a single incision. The lightweight and compact design 

of the robotic system enhances safety as the mass of the moving parts is sufficiently low that 
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motors of 25 Watts or less may be used for actuation and the forces and torques required for 

operation are unlikely to cause significant damage to bodily tissues in the event of a 

collision. Furthermore, the modular design is a safety feature as any malfunctioning 

components of the system can be quickly and easily replaced by hand, or teleoperated 

instruments exchanged for manual instruments at any time.

Surgical Robot Configuration

Because the instrument manipulators and the endoscope are mounted on a single movable 

frame, the teleoperated instrument motions always remain aligned with the endoscope video 

image seen by the operator as the endoscope is moved to view different areas inside the 

body. This novel feature of the system simplifies setup and operation, as compared to 

teleoperation systems in which the manipulator coordinate frames do not remain aligned to 

the camera visual frame and must be registered individually when setting up the system. The 

possibility of collisions between the multiple shafts inside the body during operation is also 

greatly reduced, as the endoscope frame can move all three shafts together as a single unit.

Each instrument manipulator contains three motorized joints which position the exterior end 

of its surgical instrument, a passive universal gimbal joint which allows the shaft of the 

instrument to pass through the fixed insertion point as the end of the instrument is moved, 

and a motor to rotate the instrument about its own shaft axis. Brushless DC gearmotors are 

attached directly to each actuated joint, with the exception of the rotation of the instrument 

shaft, which uses 3D printed spur gears between the instrument and gearmotor shafts. The 

first joint in each manipulator consists of a rack and pinion drive which moves the clamped 

end of the instrument parallel to the endoscope shaft. This first prismatic joint is followed by 

two rotational joints and links in series which move the instrument end in the plane 

perpendicular to the translation direction of the first joint. The three-dimensional motion of 

the exterior end of the instrument, combined with the passive gimbal joint and the constraint 

on the instrument shaft to pass through the fixed incision point, produces corresponding 

three-dimensional teleoperated motion of the instrument tip and end effector inside the body 

of the patient. The design of one of the two instrument manipulators is shown in Fig. 4.

Robotic instruments are attached to the end of each manipulator arm using a simple finger-

operated circular clamp mechanism, allowing instruments to be inserted and removed easily 

during surgical procedures and to be exchanged quickly, from a gripping to a cutting 

instrument for example. Each instrument has a motorized end effector with jaws for gripping 

or cutting, and a motorized wrist between the end effector and the instrument shaft which 

can bend up to 90 degrees in any direction. The end effector and wrist are driven by three 

brushless DC motors located at the external top end of the instrument and the actuation 

forces are transmitted by tensioned Nitinol wires passing through the shaft of the instrument. 

The actuation mechanisms for the robotic instruments are shown in Fig. 5.

The end effector mechanisms are adapted from standard manual minimally invasive surgical 

instruments. The wrist mechanism is made up of stacked layers of plastic spheres and rings 

held in place by eight wires threaded through holes in the rings to form a flexible spine 

structure. Four of the wires are actuated in antagonistic pairs to bend the wrist in two 

perpendicular directions, and the remaining four wires stabilize the structure and increase its 
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torsional stiffness. This type of flexible spine wrist was first developed by Van Meer [38] 

and was also used in [37].

The two instruments and the endoscope shaft all cross at a single insertion port to realize a 

single-site surgical robot system. Due to the divergence of the shafts inside the body of the 

patient, the instrument shafts are bent near their tips so that the instrument end effectors can 

reconverge at the operative site. An endoscope with an angled tip improves visibility by 

providing a view from above the instrument tips rather than in between the two instrument 

shafts. The right and left side teleoperation masters are switched relative to the external 

manipulators to place the crossed instruments in correct correspondence as seen in the 

endoscope image.

Control of the surgical robot is accomplished using both the forward and inverse surgical 

robot system kinematics as formulated below. Kinematic models are used to generate target 

end-effector positions based on master control inputs. A proportional gain multiplied by the 

error between current and desired position creates discrete time motor velocity commands 

used to achieve desired end-effector motions and trajectories. Absolute end-effector motions 

are realized via coupled joint motions. This is due to the kinematic complexity of a serial 

link arm manipulating an end effector through a pivot point along a bent shaft being swept 

through a 360 degree arc. Forward kinematics are used to determine the start position of the 

end-effector tip, inverse kinematics are used to determine tip goal positions based on master 

controller inputs, and positional error is used to generate required joint velocity commands. 

Mechanized instrument wrist bending motions are controlled with a separate error based 

velocity control algorithm operating in parallel to the manipulator control. The following 

discussion of control algorithms focuses on the right side of the system. Control of the left 

half is accomplished by taking the reflected mirror image of these kinematic models.

Forward Kinematics

The forward kinematic model of the system is used to calculate the starting instrument tip 

positions used as the base reference in the position control algorithm for the manipulator 

arm. To calculate the forward kinematics the origin of the base coordinate frame is placed at 

the incision site and aligned with the z axis along the endoscope shaft as shown in Fig. 6 and 

as discussed in [39]. Fig. 6 also shows the startup configuration of the right side of the 

system and includes starting joint angles in radians and variable labels for offsets and link 

lengths. Initial conditions are given as

(1)

with rotational variables in radians and the translational variable in mm.

Calculation of the forward kinematics equations for the position of the robotic instrument 

tips is somewhat more complicated than for a typical serial-link manipulator due to the two 

passive universal joints, which consist of the gimbal joint where each instrument is clamped 

to its instrument manipulator, and the insertion point where the instrument enters the body. 
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Kinematics equations are therefore calculated in three parts consisting of the calculation of 

the gimbal axis intersection point from the manipulator joint variables, the calculation of the 

position of the end of the straight portion of the instrument inside the body from the gimbal 

position, and the position of the instrument tip from the instrument position, direction, and 

rotation about its own axis.

The (Gx, Gy, Gz) position of the joint axis intersection of the manipulator arm universal 

joint, or gimbal, is calculated using the following equations for a two link serial link 

manipulator with link lengths L1 and L2 as described in [40]:

(2)

(3)

(4)

Next the length of instrument shaft between the gimbal and incision point, Lext, and the 

length of the straight section of the instrument shaft inside the body protruding below the 

incision point, Lint, are determined. Lrod is the total length of the instrument shaft from the 

center of gimbal motion to the end of the straight section of the instrument shaft axis.

(5)

(6)

The position of the end of the straight portion of the instrument shaft axis in base frame 

coordinates is calculated as:

(7)

The perpendicular offset vector between the instrument shaft axis and the end-effector tip 

must be calculated in order to determine the position of the end-effector tip in base frame 

coordinates, due to the bend by the tip of the instrument. This offset vector accounts for the 

45 degree shaft bend in the angled instruments. The vector can be calculated by taking the 

cross product of the Pstr unit vector and the base frame Ŷ unit vector, multiplied by the 
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offset distance between the instrument shaft and end-effector tip, Loff. This cross product is 

possible because the home configuration of the system orients the offset vector along the x 
axis of the base frame. Fig. 8 shows the measurements corresponding to the instrument shaft 

variables referenced above.

(8)

Thus the initial position of the end-effector tip at system startup expressed in base frame 

coordinates can be described as:

(9)

Inverse Kinematics

A hybrid of position and velocity control has been utilized for the surgical robot presented in 

this thesis. High-level position control allows accurate motions with minimal control drift 

and joint-level velocity control generates smooth motor motions to minimize overshoot and 

control lag. Thus the hybrid architecture employed creates a control structure that maintains 

positional accuracy in relation to master controller inputs while performing controlled, 

intuitive motions during operation. To execute this algorithm an array of target joint 

positions must be generated to match the end-effector tip position and orientation with the 

master controller input at each time step. The inverse kinematic model used to generate these 

target joint positions is discussed below.

The control loop first determines the target end-effector tip position and orientation in base 

frame coordinates at each control update as follows:

(10)

Next the target position of the end of the straight portion of the instrument shaft is 

determined before considering the rotation of the shaft (θ3 = 0). The magnitude of the 

distance from the incision point end of the straight section of the instrument shaft Lint and 

the distance Lgoal from the incision point to Pgoal are calculated. These values are used to 

determine the projection point in base frame coordinates by determining the intersection of 

two circles. One circle is centered at the incision point with a radius equal to the magnitude 

of the distance between the incision and the projection point, and the second circle is 

centered at Pgoal with a radius Loff.

The sides of the triangle formed by the incision point, instrument tip, and the end of the 

straight part of the instrument are described as:
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(11)

(12)

Since the vector from the incision to the projected point of the end-effector tip onto the 

instrument shaft axis (Pstr) is first determined before any shaft rotation, Pstry is equal to 

Pgoaly. Therefore Pstrx and Pstrz are defined by circle intersection as calculated below. See 

Fig. 9 for an illustration of the geometry.

(13)

(14)

(15)

(16)

(17)

(18)

(19)
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Next the vector from the incision point to the end of the straight rod section Pstr can be 

rotated by θ3 about the unit vector from the incision point to the tip goal position Pgoal using 

the following Rodriques formula rotation calculations [41]:

(20)

(21)

(22)

where s3 = sin(θ3), c3 = cos(θ3), and υ3 = 1 − cos(θ3).

The target manipulator gimbal position G can be calculated from Pstr using the following 

equation set:

(23)

(24)

(25)

The target gimbal position is then used to determine the target joint positions (θ1, θ2, θ3, and 

d) needed to place the end-effector tip in the position and orientation commanded by the 

master controller in the given time step. The equations used to calculate joint positions are 

shown below,
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(26)

(27)

(28)

(29)

where Δϕmaster is the change in the rotation of the shaft of the handle of the teleoperation 

master from its initial orientation.

Instrument Wrist Kinematics

The kinematic model used to control the wrist bending motions is the same hybrid style 

algorithm utilized to control the manipulator arms. The primary function of the orientation 

control portion of the wrist model is to read changes in the position of the master controller 

gimbal and changes in the master controller stylus rotation and map those inputs to wrist 

motions coupled to the orientation and position of the instrument shaft and end-effector. This 

allows for wrist bending directions to remain aligned with the instrument shaft as viewed by 

the user during operation. The following equations are used to generate the desired wrist 

joint angles:

(30)

(31)

(32)

where Δαmaster and Δβmaster are the gimbal joint angles from the teleoperation master. The 

two orthogonal wrist angles θ4 and θ5 are closely proportional to their corresponding 

actuator motor shaft angles, as the motors turn drive wheels which are directly connected to 
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the wrist flex actuation wires, as shown in Fig. 5. The instrument wrist kinematics are thus 

similar to previous instruments as described in [38] and [37].

Position Control

The array of instrument and manipulator goal joint positions generated by the kinematic 

models are used along with the current joint position values to generate motor velocity 

commands. These commands are calculated based on the error between the target and 

current positions at each time step. Each goal joint position is bounded by individual upper 

and lower joint limits based on the specific geometries of each joint. Commanded positions 

beyond the limits are capped at the limit bound to prevent damage to the surgical robot 

arising from attempts to satisfy commanded motions not physically supported by the system. 

The filtered joint positions are used to determine motor velocity commands in lieu of the 

absolute kinematic goal positions. All velocities are formulated using a simple error based 

proportional gain except for the instrument shaft rotation θ3. The velocity command for this 

joint is modified to compensate for additional effective shaft rotations introduced by coupled 

motions of the manipulator links during operation.

The joint limits for each the actuated joints are as follows,

(33)

(34)

(35)

(36)

(37)

(38)

The motorized joints are given velocity commands proportional to the angular error between 

goal and sensed angles. The motor velocity command equations are:
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(39)

(40)

(41)

(42)

(43)

(44)

The encoder and gearhead scaling factors are included in the motor control gains, so that 

tuning of the high-level feedback controller is simple and straightforward. The control based 

on relative position errors between the teleoperation masters and the instrument tip 

positions, rather than absolute position control, simplifies the implementation of variable 

scaling factors and index offsets between the teleoperation masters and the robot positioning. 

Phantom Omni haptic interfaces from Geomagic/3D Systems are used as teleoperation 

masters for the left and right manipulators and surgical instruments. Each of the brushless 

DC motors in the robotic system is driven by an MCBL 3006 motor controller from 

Faulhaber which is connected by to the high-level kinematic controller on a PC by RS-232 

serial communication. The update rate of the high-level PC controller is approximately 100 

Hz.

Failsafe operation has been implemented at the PC control level by confirming that all 

sensor data and calculated motor commands are within acceptable bounds at each control 

update before issuing commands to the motor controllers. If any fault is detected, the 

corresponding manipulator and instrument are disabled. Individual motor controllers operate 

with current limits so that contact forces greater than a desired level cannot be generated by 

surgical instruments, so that damage from undesired collisions with bodily tissues may be 

minimized. Although this prototype system has not as yet been certified for commercial or 

clinical use, its actuation hardware and control software are similar to those of the ViKY 

endoscope manipulator from EndoControl Inc. which has received FDA approval in the 

United States and CE marking certification in Europe.
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Operational Parameters

The workspace and motion range of a single instrument tip, with the endoscope shaft and 

support frame in the vertical position and the base ring in a fixed orientation is shown in Fig. 

7. This volume is approximately spherical with a diameter of 200 mm and a small internal 

unreachable area on one side due to self-collisions between the manipulator links as the joint 

angle θ2 approaches 180 degrees. In practice the unreachable volume does not pose an 

obstacle to instrument manipulation, as rotation of the base ring or inclination of the 

endoscope frame moves the unreachable volumes away from any desired target locations for 

the instrument tips.

The maximum tissue contact force generation by the instrument end effectors is determined 

by the wrist structural stiffness and actuator torques and is approximately 5 N. The 

maximum cutting or grasping forces by the instrument jaws is approximately 30 N. These 

forces are similar to those measured in [37], as the earlier surgical robot system used a 

similar wrist mechanism.

The maximum speed of the instrument tips depends on the manipulator configuration and 

was not a primary design consideration for the system. In practice, tip speeds of 50 mm/sec 

in any direction were reliably achievable within the motion range as shown.

Teleoperation

The control of the left and right manipulators and instruments in the surgical robot system 

uses 3D position and orientation command setpoints acquired from teleoperation master 

devices, as pictured in Fig. 2. Phantom Omni haptic interfaces from Geomagic/3D Systems 

are used for this purpose, as described in [42]. These devices consist of a jointed linkage 

attached to a pen-shaped handle by a gimbal joint so that its user can easily move the pen in 

position and orientation through a range of motion of approximately 100 mm and 180 

degrees in all directions. 3D force feedback to the user may also be generated with these 

devices, but this function is not used for teleoperation of the surgical robot system. The 

HDAPI application programming interface and software libraries provided with the devices 

are used to read the pen handle positions and orientations from the devices to be used as 

teleoperation command setpoints. This teleoperation control is based on relative position 

errors between the teleoperation masters and the instrument tip positions rather than absolute 

position control, which simplifies the implementation of variable scaling factors and index 

offsets between the teleoperation masters and the robot positioning.

Results

We have demonstrated the functionality of the described teleoperated system first by 

tracking the instrument motion while following sample command trajectories to confirm 

position control performance, then by executing a sample teleoperated pick-and-place task. 

The trajectories consisted of 30 mm square and cube-shaped figures to be traced by the 

instrument tip. The pick-and-place task was to transfer a set of rings from one set of pegs to 

another.
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Trajectory Following

To evaluate the conrolled motion accuracy of the surgical manipulators, an optical motion 

tracker (Polaris Vicra from Northern Digital Inc.) was used to detect the 3D position of a 

single instrument tip while following two teleoperation command trajectories.

The first trajectory following results were performed with a straight instrument shaft, 

without the bend shown in Fig. 8. The experimental setup is shown in Fig. 10. Four position 

marker reflector spheres were fixed to the top end of the manipulated instrument, and the 

position of the instrument tip was calculated from the rigid-body motion recorded by the 

motion tracker. Fig. 11 shows x and y components of the recorded instrument tip trajectory 

resulting from tracing a 30 mm square on a horizontal surface three times by hand with the 

tip of the stylus of the Phantom Omni teleoperation master. The base ring of the system was 

rotated by approximately 15 degrees and the frame inclined by 20 degrees in this setup so 

that the coordinate frames of the instrument manipulator and the motion tracker are not 

aligned, resulting in a rotated planar trajectory with a somewhat rectangular aspect ratio in 

Fig. 11.

The second trajectory to be followed was a 30 mm cube shape, composed of straight line 

motions in three dimensions. The command trajectory was precomputed to be executed in 

approximately 12 seconds. To obtain these results, a single position marker was used, fixed 

at the tip of a metal rod in the size and shape of a bent instrument. This bent rod instrument 

mockup and reflector are shown in place under the surgical robot base in Fig. 12. The 

recorded instrument tip trajectory following motion is shown in Fig. 13.

Peg Placement Task

To demonstrate successful use of the robotic system in a surgical training task, we used a 

single manipulator and instrument to complete a set of peg transfers. The setup for this 

single manipulator validation task is shown in Fig. 14, including the view through the 

surgical endoscope, the Phantom Omni teleoperation master, and the surgical robot system. 

This peg transfer task is one of the standardized surgical skill tasks from the SAGES 

Fundamentals of Laparosopic Surgery [43], adapted for a single instrument. The goal of the 

task is to pick up each ring from a peg and transfer it to a different peg on the opposite side 

of the task board, without dropping any. In this preliminary trial, the author performed 9 peg 

transfers in a total of 195 seconds, with a minimum transfer time of 14 seconds, maximum 

of 30 seconds, mean of 21.7 seconds and standard deviation of 5.5 seconds. This peg 

transfer performance is sufficient to pass the single-instrument modified SAGES FLS peg 

transfer skill test.

Discussion

The trajectory following plots in Figs. 11 and 13 show position errors which can be 

attributed to friction and hysteresis in the manipulator joints and instrument insertion pivot 

point, and flexion and vibration in the cantilever mounts supporting the robotic system above 

the table. It can be noted that the results from Fig. 11 show more high frequency errors and 

differences between the repeated square trajectories, while the results from Fig. 13 show a 
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more distorted trajectory shape. These differences can be attributed to differences in the 

experimental setups.

In the first case, the motion tracking was performed using multiple position marker 

reflectors attached to the top end of the instrument, the instrument was inserted through a 

rubber sheet at the insertion point at the base of the robot, and a straight instrument shaft 

was used. The location of the position markers produced more vibrations in the measured 

trajectory, while the rubber sheet at the insertion point of the instrument did not completely 

constrain the motion of the instrument perpendicular to the insertion plane and produced 

significant static friction on the instrument shaft, leading to the high frequency errors and 

differences between repetitions of the square trajectory.

For the second case, with a bent instrument and a single reflector at the tip, a small universal 

joint gimbal was used at the instrument incision point. This gimbal joint constrained the 

planar motion of the instrument shaft at the insertion point more effectively, while producing 

much less friction in response to the angular and insertion motions of the instrument during 

the trajectory following, resulting in smoother motion with less vibration. With the bend in 

the instrument shaft, the shaft rotation must be controlled during trajectory following to 

position the tip, but the shaft rotation is less precise than the other joint rotations due to the 

3D-printed pair of spur gears between the motor shaft and instrument shafts. The lack of 

precision in this rotation is likely to be responsible for the trajectory distortion errors shown 

in Fig. 13.

The position accuracy of this single-port teleoperated minimally-invasive surgical system is 

less than that of our previous system [37], due primarily to fabrication using 3D-printed 

parts and ABS plastic rather than precision machined stainless steel. Nevertheless, the 

described system is capable of executing a basic surgical training task in teleoperation. 

Absolute position accuracy is less critical in teleoperated tasks, as a human operator uses 

visual feedback during teleoperation. Further planned work will focus on improving position 

accuracy through redesigned parts and calibrated actuation, and system validation with more 

advanced surgical skill training tasks and two robotic instruments used together.

Comparison to Other SPA Robotic Systems

The defining novel features of our described single-port surgical robot system are its 

configuration with an endoscope and two instrument manipulators fixed to a single movable 

frame and base ring and inserted independently through the single incision, and its low-cost, 

rapid fabrication method using mostly 3D-printed parts. Each instrument tip has a 200 mm 

range of motion and can exert contact forces of 5 N in all directions.

A more common configuration of many other single-port surgical robot systems is a single 

shaft which separates into multiple articulated branches with endoscope or instrument end 

effectors inside the body. These ‘Y-type’ systems often have limited motion ranges and force 

interaction capabilities, but the SAIT citesait and PLAS systems [27] systems have novel 

features to overcome these limitations. The SAIT system uses a remote center of motion 

mechanism with a hyperredundant guide tube in order to reach most of the abdominal cavity, 

and an interaction force capability of 1 kgf or approximately 10 N is reported. The PLAS 
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system uses plate springs rather than wires to transmit actuation forces, resulting in a force 

transmission capability of over 14 N, and additional prismatic joints are used in the arms to 

extend their motion ranges to over 100 mm. A lack of modularity remains a disadvantage of 

these and other Y-type systems, as individual instruments cannot be exchanged 

independently.

The single-incision laparoscopic surgical robot from Choi et al is a high-performing example 

of a system with a configuration similar to ours, with multiple externally-actuated 

instruments crossing one another at a remote center of motion at the incision point, and 

bending back to reconverge inside the body. A 10 N force capability an a motion range 

greater than 200 mm in all directions is reported, however the greater complexity of its 

mechanisms would require precision fabrication at a much higher cost than our system as 

described.

Maximum instrument motion speeds are not generally reported in surgical robot 

publications, most likely because this varies according to joint values and is not a primary 

design consideration. Successful peg and ring handling or similar surgical skill tasks are 

demonstrated however, indicating that pratical operational speeds are sufficient for use in 

surgery.

Avoiding collision between the moving parts of our surgical robot system is somewhat less 

troublesome than for many other platforms with moving external manipulators because the 

endoscope and both instruments move together as a unit when the endoscope is reoriented 

due to the common support frame to which they are mounted, shown in Fig. 3. Furthermore, 

the bends in the instruments inside the body to achieve end effector triagulation impose a 

minimum angular separation between the instrument shafts whenever the tips are in close 

proximity to one another at the operative site. The angular separation of the shafts produces 

separation between the instrument motor assemblies at the exterior end of the instruments on 

the right and left sides of the system, as can be seen in Fig. 1. These instrument motor 

assemblies are also designed to occupy a compact cylindrical volume of 57 mm in diameter 

and 108 mm in height to minimize collision configurations of the instruments.

Conclusion

With this project we have demonstrated the feasiblity and potential of a single-port 

laparoscopic teleoperated robotic surgical system with a novel kinematic design and using 

3D printing fabrication techniques. The distinctive features of the system design are that an 

endoscope holder and two surgical instrument manipulators are attached to a common base 

and support frame which can rotate and tilt these three components together while a rigid 

endoscope and the two instruments are inserted through a single incision. The articulated 

instruments and their instrument manipulators are independently teleoperated and the frame 

orientation and endoscope insertion depth can be controlled by pedals or by voice 

commands. Cost reduction aims have been achieved through the utilization of inexpensive, 

easy to produce 3D printed ABS components. The use of these components allows for 

reductions in material and manufacturing costs as well as substantial reductions in 

complexity, fasteners, and maintenance costs. These simplified design and fabrication 

procedures compared to machined parts enabled rapid development of a fully functional 
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prototype. Preliminary trajectory following and peg transfer experimental results indicate 

that the system performance is sufficient for common basic minimally invasive surgical 

tasks.
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Figure 1. Complete teleoperated robot system, including ViKY base with endoscope, additional 
support frame, instrument manipulators and robotic instruments
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Figure 2. Subsystems and interconnections in single-port teleoperated robotic surgery system
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Figure 3. Added support frame assembled onto ViKY XL endoscope positioner
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Figure 4. CAD model of assembled left manipulator arm
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Figure 5. Instrument wrist and gripper actuation mechanisms on exterior end of robotic 
instrument
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Figure 6. Surgical robot system kinematics variables and parameters
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Figure 7. Instrument tip workspace motion range
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Figure 8. Robotic instrument shown with shaft dimensions used in kinematic calculations
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Figure 9. Circle intersection diagram to determine instrument shaft points from Eqns. (11-19)
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Figure 10. Optical motion tracking setup to measure motion trajectories
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Figure 11. Recorded instrument tip motion with straight shaft and planar trajectory
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Figure 12. Optical motion tracking setup to measure motion trajectories
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Figure 13. Recorded instrument tip trajectory with bent shaft and spatial trajectory
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Figure 14. Peg transfer task using single-port teleoperated surgical robot system
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