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Owing to the advantages of safety and reproducibility, remote
center of motion (RCM) mechanisms are widely adopted in
lumbar puncture (LP) procedures to guide the insertion angle
and depth of the end effector. However, the proximal-actuated
pattern in existing RCM mechanisms occupies a large space near
the end effector, which obstructs the visual field and increases the
system inertia. In this work, a base-actuated three-rhombus con-
figured RCM mechanism for LP operation is first proposed,
where the symmetric three-rhombus scheme is designed for
motion transmission. As a result, the rotational and translational
motions of the needle are respectively realized through the homo-
dromous and heterodromous actuation of the two base-mounted
motors. Kinematic models are established to analyze the manipula-
bility, singularity, and workspace of the RCM mechanism theoreti-
cally. The parameter optimization procedure is provided to
minimize the footprint of the RCM mechanism. Experimental
results show that the mechanism reaches an insertion angle from
−29.2 deg to 29.2 deg, a maximum insertion depth of 60.02 mm,

and a footprint of 4.98× 104 mm2. The relative error of the RCM
point is 1.1 mm. [DOI: 10.1115/1.4062761]

Keywords: mechanism design, medical robots, remote center of
motion mechanism

1 Introduction
Lumbar puncture (LP) is a challenging medical skill, where high

precision of needle insertion angle and depth is required to reduce
the number of puncture attempts [1], especially in the case of narrowed
interspinous or interlaminar spaces [2]. As shown in Fig. 1(a), during
the LP procedure, a thin but hollow needle is inserted through the lig-
aments between lumbar vertebrae, punctures dura arachnoid mater,
and finally enters spine canal to collect cerebrospinal fluid or to
perform spinal anesthesia [3,4], which indicates the LP an indispens-
able medical procedure in modern diagnosis and treatment field. Com-
pared with manual insertion, robotic-assisted needle insertion reveals
its great advantages in insertion accuracy and reproducibility [5–7].
A remote center of motion (RCM) mechanism is a key

mechanical component in a needle insertion robot to ensure that
the needle is within the insertion point with its special mechanical
structure [8,9]. Therefore, the risk of robot-patient collisions is
physically reduced [10]. As shown in Fig. 1(b), due to the con-
straints of the insertion point, the needle has up to four
degrees-of-freedom (DOF), including three rotational and one trans-
lational (3R1T, R: rotational, T: translational) motions. In LP, the
rotation along the needle axis is not required. Therefore, the
RCM mechanisms for LP require only 2R1T motions.
To synthesize a 2R1T RCMmechanism, a widely used method is

to combine a 1R1T RCMmechanism and a 1R mechanism in series
with their RCM points coincided [11]. A lot of efforts have been
carried out on 1R RCM mechanisms [12–14], and some have
been applied in commercial applications (e.g., the da Vinci
surgery system [15]). To broaden applications based on 1R RCM
mechanisms, some 1R1T planar RCM mechanisms have been put
forward for specific surgery applications, such as dual
trigonometric-ratio-based structure for compact bone surgery [16],
scissor-linkage-based structure for breast ultrasound scanning
[17], and structure including dual-triangular and straight-line link-
ages for minimally invasive surgeries [18]. In addition, type synth-
esis has been conducted for the innovative design of RCM
mechanisms. A synthesis method of closed-loop 1R1T RCMmech-
anisms was proposed inspired by pantograph mechanisms [11].
According to the concept of a virtual center of motion, a new
family of RCM mechanisms is synthesized [19]. Based on virtual
parallelograms, a class of 2DOF planar RCM mechanisms was pro-
posed [20]. Among the existing RCM mechanisms, the
proximal-actuated pattern is the most common and simplest actua-
tion pattern, realizing the translation motion of the end effector by
installing linear motors near the end. Nevertheless, this type of actu-
ation pattern occupies much space near the end effector, which
increases the collision risk and the system inertia.
To this end, some base-actuated RCM mechanisms have been

proposed. Cable-driven methods are adopted to achieve base actu-
ation. Based on closed-loop cable transmissions, a class of planar
2DOF RCM mechanisms without active or passive translational
joints are proposed in Ref. [21]. In Ref. [22], a novel cable-driven
RCM mechanism was proposed to improve the footprint, i.e., the
area enclosed by the outer boundary. In addition, linkage

1Corresponding author.
Manuscript received August 18, 2022; final manuscript received June 12, 2023;

published online July 20, 2023. Assoc. Editor: Reza Fotouhi.

Journal of Mechanisms and Robotics MAY 2024, Vol. 16 / 054503-1Copyright © 2023 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

echanism
srobotics/article-pdf/16/5/054503/7026235/jm

r_16_5_054503.pdf by W
uhan U

niversity user on 28 June 2024

mailto:meejling@nuaa.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1115/1.4062761&domain=pdf&date_stamp=2023-07-20


transmission can also achieve base actuation through reasonable
structure design. By connecting two sets of parallel links, a base-
actuated RCM mechanism with good mechanical properties was
developed in Ref. [23]. A novel parallelogram-based RCM mecha-
nism was proposed in Ref. [24] with its linear motor distally. In con-
clusion, (a) the current base-actuation configurations are limited, (b)
cable-driven method is relatively more compact than the linkage
transmission method; however, the transmission error of the cable-
driven method is larger than linkage structures. Therefore, linkage
transmission is adopted in this paper to meet the accuracy require-
ment in LP. Compactness is also included as a design goal under the
premise that the insertion requirements can be reached.
The motivation of this work is to develop a novel base-actuated

1R1T RCM mechanism with a compact structure that satisfies the
requirements of LP operation, ensuring adequate accuracy andwork-
space. The core idea is that the rotational and translational motions of
the end effector can be decoupled and realized respectively through
the homodromous and heterodromous actuation of the two base-
mounted motors. Furthermore, a 2R1T mechanism can be simply
obtained by applying a rotation part to the proposed mechanism.
The main novelty lies in (a) the base-actuated pattern realized by
this RCM mechanism through the three-rhombus transmission
scheme, (b) the rotational and translational motions of the needle
that fit the LP requirements are decoupled by the selected actuation
method, (c) compared with Refs. [23–25], this mechanism imple-
ments the base-actuated pattern with a more compact footprint.
The contributions of this paper can be summarized as (a) proposing
a novel base-actuated three-rhombus transmission scheme for
RCM mechanisms’ development, (b) providing a modeling and
parameter optimization procedure to minimize the footprint of the
RCM mechanism, and (c) presenting the physical test scheme for
intuitional evaluations of the proposed RCM mechanism.
The remainder of this paper includes the following parts. Section

2 conducts the preliminary design including the analysis of LP and
the type synthesis work. Kinematic models and the performance
indices are depicted in Sec. 3. In Sec. 4, parameter optimization
is performed to minimize the footprint. In Sec. 5, a prototype is pre-
sented. The footprint, accuracy, repeatability, and workspace of the
prototype are measured and discussed. The concluding remarks are
given in Sec. 6.

2 Preliminary Design
This section presents the preliminary design of the proposed

three-rhombus RCM mechanism. LP procedure is analyzed first
from the perspective of engineering. Then, the three-rhombus struc-
ture is obtained by type synthesis.

2.1 Lumbar Puncture Analysis. The required insertion
angle, depth, and accuracy are analyzed in this part. In LP, there

are two common insertion approaches: the midline approach and
the paramedian approach. As shown in Fig. 2(a), for the midline
approach, the needle axis is located in the median plane, and the
angle between the needle axis and sagittal axis is 10 deg. As
shown in Fig. 2(b), for the paramedian approach, the angle
between the needle axis and the median plane is 15 deg, and the
angle between the projection of the needle and the sagittal axis is
about 15 deg [26]. As a result, the insertion angle, i.e., twice the
angle between the needle axis and the sagittal axis, needs to be
designed larger than 42.2 deg. According to Ref. [27], the mean dis-
tance from the skin to the subarachnoid space is about 51.3±
6.9 mm. Considering a clearance between the needle tip and the
insertion point, the insertion depth is determined as 60 mm. Epidu-
ral space is the narrowest part the needle needs to pass through, of
which the maximum width is 5–6 mm [26]. Therefore, the
maximum accuracy of the RCM point should reach half width of
the epidural space (i.e., less than 2.5 mm).

2.2 Type Synthesis. On the basis of the variations of the
rhombic structure, a planar three-rhombus configured RCM mech-
anism with 2DOF is proposed, enabling base actuation, a 2R1T
mechanism can be simply obtained by applying a rotation mecha-
nism at the base. The schematic of the proposed structure is pre-
sented in Fig. 3(a). The proposed RCM mechanism consists of
two active linkages in purple, two middle rhombic mechanisms in
blue, one end rhombic mechanism in green, and one end effector
in yellow. Actuated by the active linkages and assisted by the
middle rhombic mechanisms, the trajectory of point A′

i (i= 1, 2)
moves along the mirror trajectory of point Ai with respect to the
M11M22 axis; therefore, the motions of points A′

1 and A2
′ are on

the arc centered on O′. Then, assisted by the end rhombic mecha-
nism, the end effector EF processes 1R1T motions.
Figure 3(b) presents one of the middle rhombic mechanisms in

Fig. 3(a). Constrained by the kinematic pairs, the motion of point
A1

′ is the mirror motion of point A1 according to symmetry. In the
proposed RCM mechanism, the motion of point A1

′ is an arc. As

Fig. 1 Schematics of the needle insertion into lumbar vertebrae: (a) the anatomy of lumbar
punctures and (b) the required degrees-of-freedom in lumbar punctures

Fig. 2 Diagram illustrating paramedian and midline approaches
of lumbar punctures: (a) the midline approach and (b) the para-
median approach
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shown in Fig. 3(c), the motions of point A1
′ and point A2

′ are con-
strained in the same arc so that line BC always crosses O′. Based
on this, the variation of the mechanism in Fig. 3(c) is presented in
Fig. 3(d ), where an end effector is introduced in the middle of the
rhombic mechanism. In that way, the end effector has an RCM
(point O′). When two points A1

′ and A2
′ are constrained to the arc

moving around the arc in the same direction with the same speed
(homodromous actuation), the end effector has a rotation motion
around the RCM; when the points rotate in the opposite direction
with the same speed (heterodromous actuation), the end effector
has a translation motion along the end effector.

3 Kinematic Modeling and Analysis
This section derives both the forward and inverse kinematics of

the three-rhombus RCM mechanism, further deducing the Jacobian
matrix. Then, the performance indices of the mechanism including
the manipulability, singularity, and workspace are derived and
analyzed.

3.1 Forward Kinematics. The simplified kinematic structure
of the mechanism is presented in Fig. 4. The middle rhombic mech-
anisms are omitted and replaced by a mirror axis that indicates the
mirror motion of points A1 and A2 with respect to the points A1

′ and
A2

′. OA1 and OA2 are the two active linkages, θ1 and θ2 are the
input variables of the mechanism, θ is the insertion angle, and d

is the insertion depth. The length of each linkage is defined in
Table 1.
The outputs of the mechanism are typically denoted by the inser-

tion angle and depth of the end effector. In Fig. 4, actuated by link-
ages OA1 and OA2 respectively, the insertion angles of the end
effector can be directly obtained by the geometrical relationship,
which can be expressed as follows:

θ =
1
2

ϑ1 + θ2( ) (1)

where counterclockwise is positive for θ1 and θ2.
By solving a simple geometry problem, the insertion depth of the

end effector can be represented as follows:

d = l5 − l3cos α − l1cos
θ1 − θ2

2

( )
(2)

where d represents the displacement between point O′ and F. α rep-
resents the acute angle between lines A1

′C1 and B1C1, which has the
following expression:

α = arcsin
1
l3

l1sin
θ1 − θ2

2

( )
−
l4
2

( )( )
(3)

3.2 Inverse Kinematics. By performing simple mathematical
operations on Eqs. (1) and (2), the inverse kinematics can be
written as follows:

θ1 = θ + Δ
θ2 = θ − Δ

{
(4)

with

d0 = l5 − d

c = d20 + l21 − l23 +
l24
4

Δ = arccos
c

l1
���������
4d20 + l24

√
( )

+ arctan
l4
2d0

( )

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(5)

where d0, c, and Δ are intermediate variables with respect to d, gen-
erated by geometric operations. From Eqs. (4) and (5), it can be

Fig. 3 Schematics and type synthesis of the three-rhombus remote center of motion mecha-
nism: (a) the overall structure, (b) the middle rhombic mechanism, (c) the origin end rhombic
mechanism, and (d ) the variation of the end rhombic mechanism (Color version online.)

Fig. 4 Kinematic structure of the three-rhombus remote center
of motion mechanism

Table 1 Linkage parameters of the three-rhombus remote center of motion mechanism

Linkage OA1, OA2 AiMij, A′
iMij (i= 1, 2; j= 1, 2) A1

′ B1, A2
′ B2, A1

′ C1, A2
′ C2 B1 B2, C1 C2 EF

Parameter l1 l2 l3 l4 l5
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concluded that the output θ and d can be decoupled by the inputs
(θ1 + θ2)/2 and (θ1− θ2)/2, i.e., when linkages OA1 and OA2

rotate in the same direction with the same speed, the end effector
has a pure rotation motion; when the two linkages rotate in the
opposite direction with the same speed, the end effector has a
pure translation motion.

3.3 Jacobian Matrix. To derive the Jacobian matrix, vector
forms of both input and output variables are proposed. The relation-
ship between the input vector x and output vector θ is defined by the
following equation:

F x, θ( ) = 0 (6)

where x = [θ, d]′, θ = [θ1, θ2]′, and F is the implicit function that
denotes the relationship between x and θ.
Differentiating function F in Eq. (6) with respect to time leads to

the following equation:

Aẋ + Bθ̇ = 0 (7)

with

A =
∂F
∂x

, B =
∂F
∂θ

(8)

where A and B are both the Jacobian matrices.
Based on the kinematic results, the substitution of Eqs. (1), (2),

and (3) into Eq. (8) gives the following equation:

A =
−2 0
0 −2

[ ]
, B =

1 1
λ −λ

[ ]
(9)

with

λ = l1sin
θ1 − θ2

2

( )
+ l1cos

θ1 − θ2
2

( )
tan α (10)

3.4 Manipulability Analysis. Manipulability reflects the dex-
terity of robots, which takes the following form:

w =
����������
det JJT

( )√
(11)

where J=−A−1B is another form of the Jacobian matrix. Substitu-
tion of Eqs. (9) and (10) into Eq. (11) gives the following equation:

w =
1
2

tan α

����������������������
l21 −

l4
2
+ l3 sin α

( )2
√

+ l3sin α +
l4
2

⎛
⎝

⎞
⎠ (12)

Equation (12) indicates that when α goes to zero, sinα goes to zero,
and tanα goes to infinitely great. As a result, the manipulability goes
infinitely great.

3.5 Singularity Analysis. Singularity occurs when the Jaco-
bian matrices A or B becomes singular. In this mechanism, the sin-
gularity occurs only when

det B( ) = 0 (13)

Substitution of Eqs. (9) and (10) into Eq. (13) gives

sin
θ1 − θ2

2

( )
=

l4
2 l1 − l3( ) = sinα (14)

Let α1= (θ1− θ2)/2, the singularity condition can be derived
when α=α1.

3.6 Workspace Analysis. Equation (12) demonstrates that
when α goes to zero, the manipulability w goes to infinitely great;
Eq. (14) denotes that when α goes to α1, the mechanism becomes
singularity. Therefore, the acute angle α satisfies the following
inequations:

α ≥ α1, α ≤ α2 (15)

where α2 (α2 ≤ 90 deg) is determined by the required kinematic
property.
As has been noted, the 2DOF of the end effector, denoted by

insertion depth d and angle θ, are decoupled. So the enclosed
shape of the workspace is a sector, which can be easily represented
as follows:

ls = κ1 − κ2

θs = π − 2arcsin
l3sin α2 + (l4/2)

l1

( ) (16)

where ls and θs are the radius and the arc angle of the sector respec-
tively. The parameters κi (i= 1, 2) take the following form:

κi =

����������������������
l21 − l3sin αi +

l4
2

( )2
√

− l3sin αi (17)

4 Parameter Optimization and Simulations
Reduction of the footprint is well needed to avoid robot-patient

collisions as well as to save limited surgical space. Therefore, the
optimization objective is to minimize the footprint of the proposed
mechanism. In this section, the optimization objective is stated first
including the decision variables, objective function, and constraints.
Then, optimization work is performed to minimize the footprint of
the RCM mechanism.

4.1 Optimization Objective. The footprint of a mechanism
refers to the area occupied by the mechanism at any instant of
time, covering all its configurations. As shown in Fig. 3(a), as far
as the proposed mechanism is concerned, the footprint can be

Table 2 Values of the RCM mechanism parameters after optimization

Parameter l1 l2 l3 l4 l5 ls θs α1 α2

Value 63 mm 66 mm 52 mm 8 mm 107.13 mm 60.02 mm 58.41 deg 21.32 deg 78.69 deg

Fig. 5 Prototype of the proposed three-rhombus remote center
of motion mechanism
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simply defined by multiplying the maximum length and width of the
mechanism (the rectangle with green stripes). The maximum length
depends on the limit position of points M11 and M22. The Cartesian
coordinate system with origin O is established in Fig. 3(a), so the
y-coordinate of point M11 takes the form

yM11 = l1sin θ1 +
���������������������
l22 − l21(1 − cos θ1)2

√
(18)

where −π/2≤ θ1≤ π/2. To ensure that the RCM mechanism can
reach all the configurations of the workspace, one has l2≥ l1. There-
fore, the maximum length of the proposed mechanism fl can be sim-
plified as follows:

fl l1( ) = 2max yM11 θ1( )∣∣l2=l1
( )

= 2
��
2

√
l1 (19)

The maximum width is the distance between the points O and O′,
which is 2l1. Then, the footprint can be represented as follows:

fs l1( ) = 4
��
2

√
l21 (20)

where fs, which stands for the footprint of the mechanism, is the
optimization objective.

According to the workspace requirements of LP, the constraints
can be derived. The radius ls and the arc angle θs of the workspace
sector need to satisfy the following inequations:

ls(l1, l3) ≥ lr , θs(l1, l3) ≥ θr (21)

where lr and θr are the required length and angle of the sector-
shaped workspace. In this paper, as analyzed in Sec. 2, one has
lr = 60 mm, θr = 42.2 deg.
Equations (20) and (21) illustrate that l1 and l3 are two indepen-

dent decision variables. With all the analyses above, the optimiza-
tion problem can be concluded in mathematical terms

Objective function :minfs(l1) = 4
��
2

√
l21

Independent variables : l1 and l3

s.t. s(l1, l3) ≥ 60mm
θs(l1, l3) ≥ 42.2 deg

{ (22)

4.2 Optimal Design. MATLAB Optimization Toolbox is
adopted to perform the optimization work. The initial values of
the independent variables that satisfy the constraints are randomly
chosen as [l1, l3]= [150, 80]. And the optimization result is
[l1, l3]= [62.96, 51.6].

Fig. 6 Image processing of the camera photos: (a) the flowchart of the image process-
ing and (b) the specific procedure of image processing
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It is worth mentioning that after optimization the arc angle θs
doesn’t reach the limit (58.4 deg versus 42.2 deg), which results
in a larger insertion angle of the needle. To ensure the installation
space in the subsequent prototype, there is a 3 mm increase in l2
(66 mm). The length of l4 is 8 mm for the further installation of
the end effector and rotational pairs. The length of l5 is derived
from Eq. (2) to ensure the tip of the end effector reaches the
RCM point when d= 0. Table 2 lists all the parameters of the
mechanism.

5 Experimental Characterization
The experimental characterization of the optimized mechanism

including the measurements of the footprint, RCM point, repeatabil-
ity, and workspace are conducted in this section based on a
prototype.

5.1 Experimental Setup. A physical prototype was fabricated
in Fig. 5 to intuitively validate the effectiveness of the proposed
three-rhombus RCM mechanism. All the linkages of the prototype
are made of resin and 3D printed with the accuracy of 200 μm (type
8000, Wenext Inc., Shenzhen, China) and connected by flange bear-
ings. Two motors are used to actuate the active linkages, the sliders
are adopted to produce sliding motion, and the linear bearing is used
to act as column pair (SAMLO Inc., Shenzhen, China). The motion
signals of the motors are generated by the data acquisition board
PCI-6259 (National Instruments Co., Austin, TX, USA). The posi-
tion of the end effector is recorded by a monocular camera (Nikon
D5200).
The image-based method is employed to obtain the configuration

of the end effector. The flowchart of the image processing is illus-
trated in Fig. 6(a), and the specific procedure is shown in Fig. 6(b).
First, the camera is calibrated by the chessboard with 10 chessboard
images; then, distortion matrices are derived to perform distortion
correction on the original photos of the end effector (distortion
correction). The mean error of the calibration is 0.76 pixels. After
processing, the edge slope and tip point, which are the required fea-
tures of the end effector, are extracted from undistorted photos
(feature detection). The camera has 24 × 106 effective pixels, the
focal length of the lens is 18 mm, and the distance of the end effec-
tor is set at 38.67 mm (derived from calibration).

5.2 Compactness Validation With
Workspace-Footprint-Ratio Index. We define an index named
workspace-footprint-ratio (WFR) to quantitatively describe the
compactness of RCM mechanisms. The WFR is the ratio of work-
space to footprint for a mechanism, due to the positive correlation
between workspace and footprint. Therefore, the dimensionless
WFR index can be used to describe compactness. The footprint
of our mechanism can be directly measured through the undistorted
camera photos, which is 4.98 × 104 mm2. Compared with the theo-
retical value of 3.56 × 104 mm2, the growth is mainly due to the
additional volume of linkages and moving pairs. As shown in
Table 3, our paper achieves the largest WFR index (38%), which
means the most compact. (for spatial RCM mechanisms, only
planar workspaces are computed).

5.3 AccuracyMeasurement of the Remote Center of Motion
Point. The kinematics of the mechanism ensures that the tip of the
end effector coincides with the nominal RCM point when the inser-
tion depth satisfies d= 0. However, in practice, small deviation
occurs due to some inevitable factors such as machining error,
assembly error, and the slight deflection of the linkages. The

Table 3 Comparison of the WFR index of our RCM mechanism
with other recent RCM mechanisms

Reference Workspace Footprint WFR index

[23] 1.4 × 104 >4.2 × 105 <3.3%
[24] 1.8 × 104 >5.7 × 104 <31%

This paper 3.3 × 104 5.0 × 104 38%
[25] 5.8 × 101 3.5 × 103 1.7%

Fig. 7 Accuracy measurement of the remote center of motion
point

Fig. 8 Error band plot for insertion angle repeatability test

Fig. 9 Workspace validation of the proposed mechanism based
on the prototype
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accuracy of the RCM point is the key to decreasing the number of
puncture attempts in the LP. Therefore, the accuracy characteriza-
tion of the practical RCM point was conducted by photoing seven
different insertion angles evenly in the workspace when d= 0;
θ = 29.2 deg , 19.5 deg , 9.7 deg , 0 deg,
−9.7 deg , − 19.5 deg , − 29.2 deg. The result is shown in Fig. 7,
where the nominal RCM point is selected by the smallest enclosing
disc approach. The relative accuracy of the RCM point is 1.1 mm.
Also, the theoretical RCM point (relative to the base) is calculated
according to the calibrated images. The pixel coordinate of the the-
oretical RCM point is (x, y)= (4310.6, 1953.3). Then, the absolute
accuracy of the RCM point is derived at 2.97 mm. We notice that
the error mainly comes from the y-axis, which is 2.94 mm. After
image analysis, we believe that the main reason lies in the assembly
error of the sliders, which leads to an overall y-axis offset.

5.4 Repeatability Test of the Insertion Angle. In this part,
the repeatability of the insertion angles is tested. The accuracy of
the RCM point which has been tested determines the accuracy of
the needle tip distance from the ideal insertion point. The repeatabil-
ity of the insertion angles determines the orientation accuracy.
Seven insertion angles are chosen evenly from −29.2 deg to
29.2 deg and for each insertion angle, the experiment is repeated
five times. Then, we made error band plots to evaluate the repeat-
ability of the insertion angles, as shown in Fig. 8. The index of
the error bar is the standard error, which is magnified 15 times for
better illustration. Results show that the maximum standard error
is 0.21 deg, demonstrating the good repeatability of the insertion
angle.

5.5 Validation and Accuracy Measurement of the
Workspace. Workspace characterization was conducted on the
prototype by evenly photoing 49 configurations in its workspace,
as shown in Fig. 9. The results demonstrate that the prototype
reaches the insertion angle ranging from −29.2 deg to 29.2 deg
and the insertion depth ranging from 0 mm to 60.02 mm, which sat-
isfies the workspace requirement of the LP. ComparedWith the nar-
rowest part of the LP procedures (epidural space, 5–6 mm), the
maximum error is also acceptable.
Workspace measurement was also conducted for further verifica-

tion. Nineteen configurations from the periphery in Fig. 9 were
chosen to estimate the accuracy of the workspace. As shown in
Fig. 10, the tip points of the 19 configurations form the outer
contour of the workspace. By using linear fitting technique, the
position of the two sides of the sector was obtained; the radius of
the sector was obtained by taking the average of the displacements
between the related points and the nominal RCM point. Results
show that the error of the prototype reaches 1.66% at the arc

angle and 3.3% at the radius. During the experiment, we noticed
the defects of relatively low stiffness and high dampness in our pro-
totype, which was embodied by the slight displacement decay
during multiple needle insertion (3.3%). In addition, a slight feed
motion of the end effector would happen when a small external dis-
turbance was applied after each insertion motion.

6 Conclusion
This paper presents the design and validation of a base-actuated

three-rhombus configured RCMmechanism with 1R1T for LP. The
required workspace and accuracy of the LP are analyzed first. Then,
a novel three-rhombus structure of the proposed mechanism is syn-
thesized in conceptual design to realize the base-actuated pattern.
Kinematics of the mechanism are derived and performance
indices are deduced for further optimization work. The optimization
is carried out to form a specific-sized mechanism with the objective
of minimizing the footprint of the mechanism. A prototype based on
the optimized parameters is presented and verifies the effectiveness
of the proposed mechanism. The test results show that the relative
accuracy and workspace of the prototype can meet the requirements
of LP. In addition, the prototype processes a compact structure and
good repeatability.
Due to the inherent defects of multi-linkage drive systems, our

further research will devote to establishing new transmission
schemes and control methods to further increase the accuracy of
the RCM point.
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