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Simple noninterference mechanism 
between the pitch and yaw axes for a wrist 
mechanism to be employed in robot-assisted 
laparoscopic surgery
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Abstract 

Laparoscopic surgery, which is also called minimally invasive surgery, is a surgical technique that is associated with 
accelerated post-operative recovery. However, it can only be performed by surgeons possessing advanced surgical 
skills. One of the main challenges in laparoscopic surgery is the restriction of the free motion of forceps because of the 
limited degrees of freedom imposed by the trocar. Recently, to overcome this problem, many master–slave manipula-
tors with articulated forceps have been used in laparoscopic surgery. The wrist mechanism of the articulated forceps 
affects the controllability and range of motion of the slave manipulator in the abdominal cavity of a patient. Therefore, 
improvement of the wrist mechanism of the articulated forceps is important for robot-assisted laparoscopic surgery. 
This study proposes a new wrist mechanism for using articulated forceps in laparoscopic surgery. The degrees of free-
dom of the proposed design are provided by motor-driven or manually driven axes employing various wires and pul-
leys (pitch, yaw, and gripper axes). The kinematic model of this mechanism is decoupled between the pitch axis and 
yaw axis by a very simple mechanism using arc-shaped guides and wire guide holes. The arc-shaped guides minimize 
the wire path length error of the yaw and gripper axis wire resulting from the motion of the pitch axis. The optimized 
position of the arc-shaped guides is decided by the minimal root-mean-square value of the wire path length error. 
The proposed wrist mechanism has only half the number of parts as compared to the previously developed robotic 
forceps for clinical use. Furthermore, the effectiveness of the proposed mechanism was demonstrated on a prototype 
model with a maximum outer diameter of 7.5 mm. Conversely, the disadvantages of the proposed mechanism lie in 
the transmission mechanism efficiency and no-load input torque.

Keywords: Minimally invasive surgery, Manipulator, Wire drive mechanism, Noninterference mechanism

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Background
Laparoscopic surgery is a commonly employed minimally 
invasive surgical techniques. In the case of conventional 
laparoscopic surgery, a surgeon operates using forceps 
passed through trocars (each approximately 5–10 mm in 
diameter) into a patient’s abdominal cavity while observ-
ing the image acquired by a laparoscope. Since only a 
small incision is made, the patient can recover sooner, 

and the overall medical costs are reduced. Therefore, 
laparoscopic surgery has great advantages for the patient, 
and its use has become widespread in recent years. How-
ever, laparoscopic surgery can only be performed by 
surgeons with advanced skills. One of the main difficul-
ties in laparoscopic surgery is the restriction of the free 
motion of the forceps because of the size of the trocar. 
The position and posture of the gripper of the forceps 
cannot be changed freely in the patient’s abdominal cav-
ity during the procedure because the shaft of the forceps 
is restricted by the trocar. Recently, many master–slave 
manipulators with articulated forceps have been used in 
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laparoscopic surgery to solve this problem [1]. Compact 
and low-cost manually driven or motor-driven handheld 
articulated forceps have been developed for clinical use 
[2–4].

The wrist mechanism of an articulated forceps affects 
the controllability and range of motion of a slave manip-
ulator or handheld articulated forceps in the abdomi-
nal cavity of a patient. Therefore, it is very important to 
improve upon the wrist mechanism of articulated for-
ceps for robot-assisted laparoscopic surgery. This study 
focused on noninterference wrist mechanisms. The 
most popular wrist mechanism, the da Vinci [1] mecha-
nism, adopts a wire-pulley drive mechanism [5]. How-
ever, this is an interference mechanism. Furthermore, 
the wrist mechanisms reported in previous papers [6, 7] 
and a patent [8] proposed by the author are interference 
mechanisms. In general, articulated forceps that employ 
a wire-pulley or gear drive mechanisms or both are inter-
ference mechanisms. The demerits of this mechanism are 
discussed in the next section.

On the other hand, several noninterference wrist 
mechanisms for articulated forceps have been proposed. 
The wrist mechanism of the Kymerax [4], a system of 
handheld articulated robotic forceps, adopts a combina-
tion of the wire-pulley drive and gear drive mechanism 
[9]. The mechanism of the gripper axis is decoupled from 
the pitch and roll axis. Thus, a hybrid drive mechanism 
of the manual drive gripper axis and motor drive pitch 
and yaw axes is realized. Nishizawa and Kishi [10] pro-
posed a noninterference mechanism using a wire-pulley 
and gear mechanism. In the mechanism, a middle plate 
connects two parts that make rolling contact with each 
other. Therefore, the path length of the wires is inde-
pendent of the joint angle. The wrist mechanism of the 
Radius [3] is a combination of the torque tube, gear, and 
link drive mechanisms [11]. The mechanism of the grip-
per axis is decoupled from pitch and roll axes. However, 
it is not suitable for dissections since the open motion of 
the gripper is driven by a spring force and the dissecting 
force is small. Compared to interference mechanisms, the 
noninterference mechanisms need more parts to realize 
decoupling between joints.

Ikuta et al. [12] proposed a noninterference mechanism 
for a remote microsurgery system to use in deep and nar-
row spaces. In the mechanism, the driving wire of the 
tip joint passes through the center of the base joint, the 
length of the wire path remains constant regardless of the 
angle at which the base joint is bent. However, as the wire 
is bent in a small radius, smooth motion and durability 
may be problematic.

The FlexDex [2] uses a flexible bending joint and wire 
drive mechanism [13]. Furthermore, Lee and Cham-
orro adopted a flexible bending joint and wire drive 

mechanism [14]. Hraguchi et  al. [15] also proposed a 
flexible bending joint and wire drive mechanism using 
a spring for the joint. Bending mechanisms using flex-
ible joints are very simple. The mechanisms of the flex-
ible bending joint and wire are decoupled between the 
axes. Therefore, many handheld robotic forceps adopt 
this mechanism. However, since the bending radius of 
the flexible joint is large with respect to the forceps diam-
eter, large motion is required to determine the posture of 
the end effector. It is difficult to perform procedures in a 
narrow space when using forceps with a flexible bending 
joint.

Considering the need for good controllability and a 
simple wrist mechanism for robot-assisted laparoscopic 
forceps, this study explores an extremely simple wrist 
mechanism using the wire drive mechanism. In this 
paper, first, the demerits of interference wrist mecha-
nism and conventional noninterference mechanisms are 
examined. Next, a new noninterference wrist mechanism 
with arc-shaped guides and wire guide holes is proposed 
and the design of the optimized arc-shaped guide posi-
tion is explored. Third, a prototype model of the wrist 
mechanism is described. Finally, the experimental results 
obtained using a test bench to validate the proposed 
mechanism are reported.

Methods
This section examines the demerits of the interfer-
ence wrist mechanisms and conventional noninterfer-
ence mechanisms. A new noninterference mechanism 
between the pitch and yaw axes and the optimum design 
method for the arc-shaped guide that can overcome the 
aforementioned disadvantages are proposed.

Demerits of interference wrist mechanisms
When designing articulated forceps for laparoscopic sur-
gery, it is very difficult to dispose the actuators at the dis-
tal end of the forceps to miniaturize and thinning. Hence, 
they are located on the proximal end of the forceps shaft. 
Therefore, the power of the actuators located outside the 
abdominal cavity of a patient is transmitted to the distal 
end of the forceps using power transmission mechanisms 
such as wires, pulleys, links, rods, torque tubes, or gears. 
Mechanical interference occurs commonly because the 
power transmission mechanisms are disposed in the 
joints and since the power is passed through the joints. 
By controlling the angle of the actuator based on the 
mechanism interference matrix, it is possible to control 
the joint angle (yaw axis and pitch axis) and gripper angle 
(gripper axis) of the distal end portion of the forceps. 
However, the following problems are encountered.

1. Increase in the motion range of the actuators.
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2. Increase in the actuator torques caused by interfer-
ence torque from other joints.

3. Uncontrollable joint motion caused by interference 
torque from other joints. For example, when the yaw 
joint moves, the pitch joint is slightly shifted by the 
interference torque from the yaw joint. This can be 
confirmed as shown in “Additional file  1. Demon-
stration motion of each axis by a tactile-switch user 
interface” in Ref. [7].

In particular, uncontrollable joint motion is the most 
serious issue. This problem can be solved by the follow-
ing methods.

1. Increase the joints stiffness, including servo stiffness, 
by using wires with high tensile stiffness to reduce 
elongation or using a large-diameter pulley or by 
both these methods; Especially, the joint stiffness is 
proportional to the square of the pulley radius.

2. Interference torque compensation; for example, 
modify the desired position of the pitch axes to com-
pensate for interference torque simultaneously with 
yaw axis operation [16].

3. Incorporation of the noninterference mechanism as 
a fundamental solution to avoid uncontrollable joint 
motion.

Conventional noninterference mechanism
Several noninterference wrist mechanisms for articu-
lated forceps have been proposed. In a noninterference 
wrist mechanism, the mechanism should not change the 
path length of power transmission, such as wire routing 
length, and the intermeshing point of the gear accompa-
nying the motion of other axes. Two types of noninterfer-
ence wrist mechanisms were proposed.

1. For two curvature axes [13–15].

 In the case of two curvature axes for up/down and 
right/left motions using a flexible bending joint and 
wire drive mechanism, the up/down and right/left 
bending motions are decoupled from each other 
because the wires are routed on a plane passing 
through the bending center of the other axes. Fur-
thermore, the power transmission parts of the grip-
per axis are routed along the central axis of the for-
ceps shaft. Then, the gripper axis is decoupled from 
the up/down and right/left axes. The flexible bend-
ing joint and wire drive mechanisms are very sim-
ple. However, since the bending radius of the flexible 
joint is larger than the forceps diameter, large motion 
is required to determine the posture of the end effec-
tor. Performing procedures in a narrow space with a 
forceps with a flexible bending joint is difficult.

2. For a combination of bending and/or roll axes [9, 10].
 When two bending axes (a pitch axis orthogonal to 

the shaft axis and a yaw axis, or vice versa) or a bend-
ing axis (pitch axis or yaw) and a roll axis are used, 
the bending and rolling motions are decoupled from 
each other using power transmission parts such as 
wires, pulleys, links, and gears. However, compared 
to the interference mechanisms, more parts are 
required in the noninterference mechanisms.

Proposed noninterference mechanism configuration
Figure 1 shows the conceptual design of a wrist mecha-
nism of articulated forceps with the proposed noninter-
ference mechanism between the pitch and yaw axes. It 
also shows the shape of the supporting part that plays an 
important role in this mechanism. The wrist mechanism 
consists of a supporting part, a pitch part, and a part each 
for the right finger and left finger for an end effector, 

Left finger part

Supporting part
Pitch part

Right finger part

Supporting shaft
Arc-shaped guide

Wire-guide hole

a b
Fig. 1 Conceptual design of the proposed wrist mechanism. a Overview; b supporting part
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supporting shafts, and stainless wires (not shown). The 
shape of the pitch part is roughly the same as that 
employed in a previous work [7].

If the wire path that bends at the center of the pitch axis 
can be constructed, the path length of the 2nd-axis and 
3rd-axis wires accompanying the pitch axis motion does 
not change. However, considering the durability of the 
wire and smooth wire operation, the bending wire path at 
the center is not adopted because it is necessary to main-
tain the radius. On the other hand, in the proposed wrist 
mechanism, arc-shaped guides are located on the upper 
and lower portions of the plane, including the pitch axis 
and the central axis of the supporting part. The arc-shaped 
guide provides sufficient bending radius of the wire and 
minimizes the change in the path length of the 2nd-axis 
and 3rd-axis wires arising from pitch axis motion. Com-
pared with the case of using pulleys, there is concern about 
friction between the wire and circular arc-shaped surface, 
but the bending radius of the wire can be greatly increased 
and the number of parts can be greatly reduced.

The supporting part has two through-holes for the wire to 
drive the pitch part located at the upper and lower portions 
of the supporting part. In addition, it has four through-holes 
for the 2nd- and 3rd-axis wires to drive the right and left 
finger parts for realizing yaw and grasping motions. Four 
through-holes are located in parallel with the pitch axis on 
the plane, including the pitch axis and the central axis of the 
supporting part. Figure  2 shows the path of the wire. The 
winding angle of the wire to the pulley is 540° (1.5 turns), 
but in the figure, this angle is shown to be 180° (half turn) to 
simplify the drawing for easy understanding.

Design of the optimized arc‑shaped guides position (for 
avoiding bending of the wire at the arc‑shaped guide end)
This section describes the design method to optimize 
position of the arc-shaped guides. Figure 3 shows exam-
ples of the 2nd-axis and 3rd-axis wire positions when the 
wire pitch angle θP = 0 and 90◦. When θP = 0°, the 2nd-
axis and 3rd-axis wires stay straight after passing through 
the holes; on the other hand, when θP = 90°, they follow 
the arc-shaped guide. Figure  4 shows the relationship 

between the arc-shaped guide radius r1, the arc-shaped 
guide center (xa, ya), the rotation radius of wire tip 
around pitch axis r2, etc. When designing the supporting 
part, the radius of the arc-shaped guide must be r1 − D/2, 
considering the wire diameter φD.

To avoid bending the wire at the arc-shaped guide end, 
it is preferable to set the arc-shaped guide tangential 
to the x-axis. In other words, set ya = r1. When θP = 0°, 
the wire length l is l = r2 + xa, and when θP > 0°, the wire 
length l is l = la + lb. Here lb is the wire length on the arc-
shaped guide. Therefore, since the ideal state in which the 
wire path length does not change is r2 + xa = la + lb, the 
wire path length error is defined as follows.

The wire path length l = la + lb can be obtained from 
the analytical solution geometrically by considering the 
flow, as shown in Fig. 5. Figure 6 shows the relationship 
between angle θP and wire path length error e, when 
the arc-shaped guide center position xa is varied from 
0 to 1.6  mm for the following parameters: r1 = 2  mm, 
yb = 2 mm, and r2 = 9.2 mm. As shown in Fig. 6, the wire 
path length error e varies depending on pitch angle θP 
and the arc-shaped guide position xa. Figure 7 shows the 
relationship between the arc-shaped guide center posi-
tion xa and the root-mean-square (RMS) of the wire 
path length error e. As shown in Fig. 7, when the motion 
range of the pitch angle θP varies from 0° to 90°, the RMS 
of the wire path length error e becomes minimum for an 
arc-shaped guide center position xa = 1 mm. The opti-
mized position of the arc-shaped guides can be decided 
from the minimal RMS of the wire path length error. In 
the case of r1 = 1.5 mm, 1.75 mm, 2.25 mm, 2.5 mm, 
each center position of the arc-shaped guide of 
minimal RMS of the wire path length error is 
xa = 0.75 mm, 0.875 mm, 1.125 mm, 1.25 mm, respec-
tively. The same results were obtained even when the 
arc-shaped guide radius changed. Therefore, the opti-
mized position of the arc-shaped guides is obtained by an 
approximate expression shown by the following equation.

(1)e = (la + lb)− (r2 + xa).

Wire

Right finger part

Left finger part

Pitch part

Supporting shaft

Fig. 2 Wire path of the proposed wrist mechanism

Arc-shaped guide

#2, #3 wirePitch axis center

Supporting part

Fig. 3 Wire path around the arc-shaped guide
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Similarly, when the motion range of the pitch angle 
θP is 0° to n°, the optimized arc-shaped guide center 

(2)(xa, yb) =
(( r1

2

)

, r1

)

.

positions can be obtained by an approximate expression 
shown by the following equation.

Design of the optimized arc‑shaped guides position (for 
obtuse angle bending of the wire at the arc‑shaped guide 
end)
Since the wire is flexible, when there is obtuse angle 
bending of the wire at the arc-shape guide end, a reduc-
tion in the wire path length error can be expected. As 
shown in Fig.  8, in the case in which wire bending is 
allowed at the arc-shaped guide end, the position of the 
arc guide is modified by the following steps.

1. Move the center of the arc-shaped guide slightly 
toward the positive x-axis and negative y-axis.

2. Cut out the y < 0 part of the guide.

The maximum allowable bending angle of the wire was 
set at approximately 30° during this evaluation. However, 
ultimately, it is necessary to decide whether to adopt it 
after considering the durability of the wire. For designing 
articulated forceps with a shaft diameter of φ7.5 mm, the 
arc-shaped guide radius r1 should be 1.75  mm, includ-
ing the wire diameter, and the rotation radius of the wire 
tip around the pitch axis r2 should be 9.7  mm. When 
the bending of the wire is avoided, the RMS of the wire 
path length error obtained using Eq.  (1) is minimum at 
PA(xa, ya) = (0.875 mm, 1.75 mm). On the other hand, 
when allowing bending angle of the wire, following result 
was obtained by trial and error. The wire path length error 
tends to decrease in the region where xa > 0.875 mm 
and yb < 1.75 mm. Therefore, the wire path length error 
e and the RMS and the maximum wire bending angle 
for the vicinity of the arc-shape guide center position 
PA = (1.0 mm, 1.55 mm) were examined.

Figure  9 shows the path length error for the 
vicinity of the arc-shaped guide center position 
PA = (1.0mm, 1.55mm) for (a) comparison along 
the y-axis and (b) comparison along the x-axis. Fig-
ure 10 shows the RMS of the wire path length error for 
Fig.  9a, b. Figure  11 shows the maximum wire bending 
angle at the arc-shaped guide end. The optimum posi-
tion along the y-axis is yb = 1.55 mm from Figs. 9a and 
10a, and the optimum position in the x-axis direction is 
xa = 1.0 mm from Figs. 9b and 10b. The reason is as fol-
lows. In Fig. 10a, the RMS of the wire path length error 
with θP = 0−90◦ is slightly smaller for yb = 1.6 mm than 
for yb = 1.55mm . Furthermore, in Fig.  10b, the RMS 
of the wire path length error for θP = 0−90◦ is slightly 
smaller for xa = 1.1 mm than for xa = 1.0 mm. However, 

(3)(xa, yb) =
(( r1

2

)( n

90

)

, r1

)

.
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Fig. 4 Wire path length calculation model
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considering that the center of the main operating range is 
θP = 0◦ , the motion range where θP is small is very impor-
tant. Therefore, the optimum is PA = (1.0 mm, 1.55 mm) . 
Furthermore, the maximum wire bending angle at the 
arc-shape guide end is 27.7°. This value is smaller than 
the allowable bending angle. Furthermore, the negative 
sign of the wire path length error means that the wire 
path length decreases. Since the wire is pre-tensioned, 
the wire path length tends to become shorter. There-
fore, reducing the wire path length error as small as 
much as possible in the vicinity of θP = 0◦, which is the 
center of the main operating range, helps realize smooth 
operation with the 1st axis (pitch axis). Figure  12 com-
pares the path length error for the optimized position 
PA = (1.0 mm, 1.55 mm) and the position to avoid 
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bending of the wire PA = (0.875 mm, 1.75 mm). The 
wire path length error of θP = 0–70° is an extremely small 
value compared to the error of the position for avoiding 
bending of the wire. In addition, in the RMSs of the wire 
path length errors of θP = 0−90◦and 0−80◦ improved to 
0.074 and 0.036 mm from 0.092 and 0.071 mm, respectiv
ely.

Specification of the wrist mechanism
Figure  13 shows the mechanical design of the pro-
posed noninterfering wrist mechanism, and Table  1 
lists the specifications. The maximum outer diameter 
is 7.5  mm, which is equivalent to that of the conven-
tional wrist mechanisms used in articulated forceps 
for robot-assisted laparoscopic surgery [5, 7]. The off-
set distance between the pitch axis and the yaw axis is 
6.95 mm. The radius of the arc-shaped guide of the sup-
porting part is 1.5  mm. The wire diameter is 0.45  mm. 
Therefore, r1 = 1.5+ 0.45/2 mm . In addition, the 

rotation radius of the wire tip around the pitch axis is 
r2 = 9.45+ 0.45/2 mm . Table 2 presents a comparison of 
the components with the parts of the conventional wrist 
mechanism [7]. Figure 14 shows the wire route and coor-
dinate system. Table  3 lists the pulley diameter and the 
wire pitch diameter values.    

The wrist mechanism consists of the minimum neces-
sary parts that are indispensable. The great reduction in 
the number of parts and the simplification is expected to 
reduce the expenses, such as the manufacturing, manage-
ment, and assembly costs for the parts and to improve 
the cleaning and sterilization ability. Furthermore, it 
is possible to use this mechanism in conjunction with 
hand-held robotic forceps to apply a grasping force that 
can be directly and manually controlled by surgeons. It is 
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very important that surgeons be able to precisely control 
the grasping force. However, in a conventional wire-and-
pulley setup that includes an interference mechanism like 

the da Vinci [5], when the pitch motion is operated man-
ually, the yaw and gripping axes are moved unexpectedly 
by the interference mechanism. It is difficult to design a 
manual drove handle that is free from the influence of 
the interference mechanism, and thus, the handle must 
become a rather complicated apparatus.

Results and discussion
Prototype model
Based on the abovementioned mechanical design con-
siderations, a prototype model of the proposed wrist 
mechanism was developed. Manufacturing of the 
parts and assembly of the mechanism were carried out 
smoothly. The assembly of wire routing, in particular, was 
extremely easy. Figures 15 and 16 show an overview and a 
close-up of the wrist mechanisms of articulated forceps, 
respectively.

Evaluation experiments
Range of motion results
Figure  17 shows the range of motion of the pitch, yaw, 
and gripper axis. These data show that the specifications 
listed in Table 2 have been satisfied without the motion 
range of pitch angle. The motion range of pitch angle is 
slightly less than 90°. The reason is the wire pitch angle 
becomes larger than 90° since it is necessary to pass two 
wires of yaw and gripper axis.

Transmission mechanism efficiency and no‑load input torque 
results
In the test shown in Fig. 18, the input torque Ti applied 
to the drive shaft pulley was measured by a force gauge 
and the output torque To was measured by a force sensor. 

60°

Supporting part
Pitch part

Right finger part
Shaft

Left finger part

φ
7.

5

17.5
14.3

6.95 Shaft

Supporting part
Pitch part

ba

Fig. 13 Design of wrist mechanism. a Yaw- and gripper-axis motion range (top view); b pitch axis motion range (front view)

Table 1 Specifications of the wrist mechanism

Items Specification

 Size

 Maximum diameter φ7.5 mm

 Offset from pitch axis to yaw axis 6.95 mm

 Offset from yaw axis to gripper axis 0 mm

 Radius from gripper axis to tip 17.5 mm

 Gripper face length 14.3 mm

Range of motion

 Radius of arc-shape guide 1.5 + (0.45/2) mm

 Rotation radius of wire tip around pitch axis 9.45 + (0.45/2) mm

 Pitch ± 90°

Table 2 List of  the  components of  the  wrist mechanism 
for  comparing the  proposed and  conventional 
mechanisms

Part name Proposed 
mechanism

Conventional 
mechanism [7]

Complex shape parts

 Supporting part 1 1

 Pitch part 1 1

 Right finger part 1 1

 Left finger part 1 1

Simple shape parts

 Supporting shaft 2 3

 Pulley 0 8

 Stainless wire ( φ 0.45 mm, 7 × 19) 3 3

Total 9 18
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The drive mechanism efficiency η was then calculated 
for each axis using the equation η =

To
RTi

, where R is the 
reduction ratio (pulley ratio including the wire diameter) 
of each axis. In this case, R =

5.45
7.45

= 0.73 from Table  3. 
The input torque was calculated by Firi, and the output 
torque was calculated by Foro because the angular error 
between the force direction and the detection direction 
is less than 5°.

In the experimental results shown below, the input 
torque is given by RFiri to eliminate the influence of 

the reduction ratio. The maximum pitch axis input 
torque is approximately 140  mNm, and the maximum 
yaw axis input torque is approximately 100  mNm. The 
input torque is determined by the ratio of the lengths 
from the pitch axis and the yaw axis to the tip, which is 
24.45 mm : 17.5 mm � 1.4 : 1.

Figure 19 shows the relation between the input torque 
RFiri and the output torque Foro in the measured data. 
Figure 19a shows the pitch axis data for a pitch angle of 
60°, and Fig. 19b shows the yaw axis data for a pitch angle 
of 40°. The yaw and gripper angles are both 0°. The no-
load input torque refers to the input torque at the time 
when the output torque appears. The remaining output 
torque refers to the output torque after the input torque 
has been released. Figure 20 shows the drive mechanism 
efficiency of the pitch and yaw axes for pitch angles from 
0° to 80° (yaw angle = 0°). The gripper axis is same as the 
yaw axis. Figure 21 shows the no-load input torque of the 
pitch and yaw axes for pitch angles from 0° to 80° (yaw 
angle = 0°). The remaining output torque ranges from 0 
to 25 mNm.

Regarding the pitch axis, the efficiency from 0° to 60° 
is more than 80%. However, beyond 60°, the efficiency 
decreases rapidly, and the no-load torque increases. As 
shown in Fig.  9, the wire pass length errors of the yaw 
and gripper axes increase rapidly when the pitch angle 
exceeds 70°. Therefore, torque is generated around the 
pitch axis in order to extend the wire of the yaw and grip-
per axes. As shown in Fig.  17b, because there are two 
wires (the yaw and gripper wires) through the pitch joint, 
the pitch joint angle is different from the wire pitch angle. 
The angle between the two wires is approximately 10°. 
Therefore, the region of decreasing efficiency (beyond 
60°) is not equal to the region of increasing wire pass 
length error (beyond 70°).

Contrastingly, in the case of the yaw axis, the efficiency 
gently decreases, and the no-load torque increases, 
which are caused by increasing friction between the wire 
and the arc-shaped guides associated with the wire pass 
length error and increase in winding angle.

As shown in the above experimental results, the trans-
mission mechanism efficiency and no-load torque of the 
proposed mechanism are inferior to the wire-and-pulley 
conventional mechanism like the da Vinci [5]. The pro-
posed mechanism needs to be improved by increasing 
the transmission mechanism efficiency and decreasing 
the no-load input torque, or by reducing the pitch motion 
range.

Demonstrated motion results
The effect of the reduction in the wire path length error 
was confirmed by the smooth manual operation of 
the 1st axis in the vicinity of θ = 0°. Furthermore, tests 

Fig. 14 Entire wire path and the coordinate system

Table 3 Pulley diameter and pitch diameter

Pulley name Pulley diameter (mm) Pitch 
diameter 
(mm)

a φ7 φ7.45

b φ5 φ5.45

c φ7 φ7.45

d φ5 φ5.45

Fig. 15 Overview of the wrist mechanism of articulated forceps
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demonstrated that the motion of the each of the axes, 
yaw, pitch, and gripper axes was operated by a command 
from the tactile-switch user interface. Servo motors HS-
8057MH (Hitec Multiplex Japan, Inc.) were used for the 
drive motors, and an Arduino Leonardo microcontroller 
was used. Figure 22 shows an overview of the test bench. 

An additional movie file shows this greater detail (see 
Additional file 1).

These results confirmed that the proposed mechanism 
has the fundamental functions and performance charac-
teristics that make it a feasible wrist mechanism of artic-
ulated forceps for robot-assisted laparoscopic surgery. 

Fig. 16 Close-up of the wrist mechanism of articulated forceps

Fig. 17 Motion range. a Yaw- and gripper-axis motion range (top view); b pitch-axis motion range (front view)
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Conversely, it is clear that the disadvantages of the pro-
posed mechanism lie in the transmission mechanism effi-
ciency and no-load input torque.

Conclusions
Considering the demerits of the interference mechanism 
regarding the use of articulated forceps in laparoscopic 
surgery, a new wrist mechanism had been proposed. 
The kinematic model of this mechanism is decoupled 
between the pitch axis and yaw axis by a very simple 
mechanism that employs arc-shaped guides and wire 
guide holes. The arc-shaped guides minimize the wire 
path length error of yaw and gripper axis wire due to 
the motion of the pitch axis. The optimized position of 
the arc-shaped guides is decided by the minimal RMS of 
the wire path length error. The proposed wrist mecha-
nism has only half the number of parts as compared to 
the previously developed clinical use robotic forceps [5, 
7]. Furthermore, the effectiveness of the proposed mech-
anism was demonstrated by using a prototype model 
with a maximum outer diameter of 7.5 mm. Conversely, 
the disadvantages of the proposed mechanism lie in the 

transmission mechanism efficiency and no-load input 
torque.

Future works toward the final robot system are planned 
as follows.

Force gage

Force sensor
300

Fig. 18 Measurement of drive mechanism efficiency and no-load 
input torque
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1. Further analysis and improvement of the noninter-
ference drive mechanism, with a particular emphasis 
on increasing the transmission mechanism efficiency, 
decreasing the no-load input torque, and improv-
ing the durability of the wire around the arc-shaped 
guides.

2. The implementation of this wrist mechanism to slave 
manipulators and/or handheld articulated forceps 
considering the clinical environment.

3. The development of a master–slave manipulator sys-
tem for laparoscopic surgery for example, using a 
6-axis vertical articulated robot [17].

Additional file

Additional file 1. Demonstration motion of each axis by a tactile-switch 
user interface.
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