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Abstract

The venous blood test is a prevalent auxiliary medical diagnostic method. Venous blood collection equipment
can improve blood collection’s success rate and stability, reduce the workload of medical staff, and improve the
efficiency of diagnosis and treatment. This study proposed a rigid-flexible composite puncture (RFCP) strategy,
based on which a small 7-degree-of-freedom (DOF) auxiliary venipuncture blood collection (VPBC) robot using
a trocar needle was designed. The robot consists of a position and orientation adjustment mechanism and a RFCP
end-effector, which can perform RFCP to avoid piercing the blood vessel’s lower wall during puncture. The inverse
kinematics solution and validation of the robot were analyzed based on the differential evolution algorithm, after
which the quintic polynomial interpolation algorithm was applied to achieve the robot trajectory planning control.
Finally, the VPBC robot prototype was developed for experiments. The trajectory planning experiment verified the
correctness of the inverse kinematics solution and trajectory planning, and the composite puncture blood collection
experiment verified the feasibility of the RFCP strategy.

1. Introduction

Blood test results are an important reference for doctors to make a clinical diagnosis, where venipunc-
ture blood collection (VPBC) is a crucial step in blood tests. Relevant data show that nearly 3.5 million
venipunctures are performed worldwide every day [1, 2]. Traditional venipuncture is manually con-
ducted by medical staff, and the success rate depends on both their proficiency and the physical condition
of patients. The success rate of venipuncture in infants, the elderly, and obese patients with difficult
venous access is significantly lower than that in normal adults [3]. Difficult or failed venipuncture costs
the United States healthcare system $4.7 billion annually [4].

Robotics has developed rapidly in the past three decades, the application of which in the medical
field has significantly influenced the way of diagnosis and treatment [5—7]. Compared with human oper-
ators, medical robots, with high accuracy and good stability, can work efficiently for a long time. To
solve the problem of traditional venipuncture, robotic technology, venous imaging, and force feedback
technology are widely used in VPBC. Many scientific research institutions have researched venipunc-
ture technology and developed VPBC robots. In 2010, the VascuLogic Company developed a blood
collection robot Veebot [8], which uses monocular near-infrared and ultrasound imaging technology to
guide the end of an industrial manipulator with a puncture mechanism for VPBC, with a success rate
of 83%. Alvin Chen et al. from the Rogers State University developed three generations of venipunc-
ture robots [9—11]. In 2017, the third-generation 9-degree-of-freedom (DOF) venipuncture robot was
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proposed [12]. The binocular near-infrared imaging, ultrasound imaging, and puncture force feedback
technology were integrated into the robot, which can reconstruct the 3D structure of venous vessels,
obtain their 3D information, and track the puncture needle in real time. However, the robot is complex
in structure, large in volume, and high in cost. In 2019, Xu et al. from Nankai University developed
a venipuncture robot based on 6-DOF robot arms [13]. The robot was equipped with binocular near-
infrared imaging technology to optimize the path-planning algorithm of the blood collection needle. He
et al. from Harbin Institute of Technology developed a venous blood collection robot prototype in 2019
[14, 15]. The prototype was designed based on binocular near-infrared imaging and pressure sensing
technologies. In 2021, Qi et al. from Tongji University developed a compact venipuncture robot VeniBot
[16, 17], adopting binocular near-infrared and ultrasound for vascular imaging. They also proposed a
novel deep-learning algorithm for automatic navigation of puncture devices. Li ef al. designed a 5-DOF
venous blood collection robot and proposed a Non-Uniform Rational B-Splines (NURBS) curve trajec-
tory method, which can simplify the interpolation calculation, improve the interpolation accuracy, and
make the trajectory continuous and smooth. [18].

As mentioned above, existing VPBC robots primarily consist of a serial manipulator that performs
position and orientation adjustment and an end-effector that performs puncture. Excessive degrees of
freedom will lead to a complex robot structure and increasing control difficulty. In addition, existing
robot end-effectors all use rigid needles for blood collection, which could easily puncture the blood
vessel’s lower wall, causing blood collection failure.

To address the existing problems above, this paper proposes a rigid-flexible composite puncture
(RFCP) strategy, based on which a small 7-DOF auxiliary VPBC robot is designed, including a 5-
DOF position and orientation adjustment mechanism and a 2-DOF robot end-effector that can perform
composite puncture. The 2-DOF end-effector is designed to perform composite puncture blood collec-
tion to avoid piercing the blood vessel’s lower wall during the puncture process, which could cause
blood collection failure. The differential evolution (DE) algorithm is used to solve and verify the inverse
kinematics of the robot, and the quintic polynomial interpolation algorithm is used to realize the robot
trajectory planning control. The robot prototype experiments are conducted to verify the rationality of
the RFCP strategy and the correctness of the trajectory planning.

The rest of this article is arranged as follows: Section 2 describes the prototype design of a small 7-
DOF auxiliary VPBC robot using a trocar needle. Section 3 describes the kinematic analysis of the robot.
Section 4 describes the trajectory planning experiment and the composite puncture blood collection
experiment based on the robot prototype. Finally, Section 5 is a brief conclusion.

2. Venipuncture robot design
2.1. Functional requirement analysis of the venipuncture robot

Venipuncture is one of the most common medical procedures. The superficial cubital fossa vein, includ-
ing the cephalic vein, basilic vein, and median cubital vein, is commonly used for blood collection,
transfusions, and intravenous injections. Among these veins, median cubital vein is the best choice [19,
20], as shown in Fig. 1. The auxiliary venipuncture robot designed in this paper also chose the median
cubital vein as the puncture target.

Through the analysis of the traditional VPBC technology, it can be proved that the VPBC robot needs
at least 5-DOF for position and orientation adjustment and 2-DOF for needle insertion to complete com-
posite VPBC, as shown in Fig. 2. Based on the guidance of medical staff, the mechanical performance
indexes required by the venipuncture robot were formulated considering the differences in the size and
depth of human elbow veins and the accuracies of venography, mechanical structures, and robot control,
as shown in Table L.

2.2. Rigid-flexible composite puncture strategy

Bother and traditional artificial venous blood collection and existing VPBC robots employ rigid nee-

dles for puncture blood collection [21, 22], as shown in Fig. 3(a). The rigid needle is inserted into the
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Figure 2. Analysis of puncture needle degrees of freedom.

skin, tissues, and blood vessels at an angle of 30° ~45°, as shown in Fig. 3(i). Once the rigid needle
pierces through the blood vessels, the puncture angle is reduced to about 18°, as shown in Fig. 3(ii). The
rigid needle continues to advance about 5 mm before halting the puncture and commencing the blood
collection procedure. Throughout the puncture process, the robot relies on real-time imaging guidance
provided by an imaging system. It is important to continually guide the rigid needle using the real-time
imaging system to ensure puncture accuracy. Furthermore, there exists a risk of inadvertently punctur-
ing the blood vessel’s lower wall during the needle insertion stage, which may result in blood collection
failure, as shown in Fig. 3(iii).

Therefore, this study proposes a RFCP strategy, as shown in Fig. 3(b). A trocar needle, which consists
of a rigid needle and a flexible tube, is applied to pierce the skin, tissues, and blood vessels at an angle
of 20° ~30°, as shown in Fig. 3(iv). Once the blood vessels are penetrated, the trocar needle enters the
vein, as shown in Fig. 3(v). Subsequently, the rigid needle is retracted by about 10 mm, which ensures
the rigid needle retracts into the flexible tube. Then, the trocar needle is advanced by approximately
5 mm in the blood vessel, as shown in Fig. 3(vi), allowing for the extraction of the rigid needle from the
flexible tube and enabling the commencement of blood collection.

Compared to rigid needle punctures, the RFCP for blood collection has several advantages. The rigid
needle is retracted into the flexible tube after the trocar needle penetrates the tissues and blood vessels.
This design ensures that the needle does not pierce blood vessel’s lower wall during the insertion process,
which could decrease blood collection failure rate, as shown in Fig. 3(vi). Moreover, due to the protection
of the flexible tube, the trocar needle does not require real-time guidance from the imaging system
after entering the blood vessel, reducing dependence on the imaging system. Based on the functional
requirements analysis and the RFCP strategy, a workflow suitable for the VPBC robot is proposed, as
shown in Fig. 4.
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Table I. Mechanical performance indexes.

Move/Rotate Maximum Maximum  Positioning Repetitive
axis travel speed accuracy positioning accuracy
X (radial) 100 mm 20 mm/s 0.05 mm 0.1 mm
Y (axial) 100 mm 20 mm/s 0.05 mm 0.1 mm
Z (height) 90 mm 10 mm/s 0.05 mm 0.1 mm
a (pitch) +45° 10°/s 1° 2°
B (yaw) 0-45° 10°/s 1° 2°
P, (puncture) 50 mm 5 mm/s 0.05 mm 0.1 mm
P, (withdrawal) 30 mm 5 mm/s 0.2 mm 1.mm
(@) Rigid needle < (b) Rigid needle
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Figure 3. Workflow of the venipuncture robot. (a) Rigid needle puncture blood collection process. (b)
RFCP strategy.

2.3. Mechanical structure design of the venipuncture robot

This section designed the auxiliary VPBC robot for composite puncture blood collection based on the
RFECP strategy proposed in Section 2.2, including the position and orientation adjustment mechanism
and the RFCP end-effector.
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Figure 4. Workflow of the venipuncture robot.

2.3.1 Position and orientation adjustment mechanism

The purpose of the position and orientation adjustment mechanism is to adjust the position and orien-
tation of the puncture needle according to the venous vessel imaging. The mechanism has 5-DOF, as
shown in Fig. 5(a), including three sliding pairs along the X, Y, and Z axes, a rotating pair around the
Z-axis, and a rotating pair around the X-axis. Three sliding pairs can adjust the position of the punc-
ture needle. The rotating pair around the Z-axis can adjust the yaw angle o of the puncture needle, as
shown in Fig. 5(b). The rotating pair around the X-axis realizes the adjustment of the pitch angle 8, as
shown in Fig. 5(c). The 5-DOF position and orientation adjustment mechanism uses a minimum num-
ber of degrees of freedom to achieve needle position and orientation adjustment. The number of driving
motors and the size of the robot are greatly reduced, which can reduce the control difficulty and realize
the lightweight and miniaturized design.

2.3.2 Rigid-flexible composite puncture end-effector

The main purpose of the RFCP end-effector is to hold the trocar needle to complete the RFCP as shown in
Fig. 6(a). Motor 6 drives the trocar needle to advance, motor 7 drives the rigid needle to withdraw, and the
force sensor collects the axial force of the puncture needle in real time. During the composite puncture,
motor 6 drives the trocar needle to penetrate the skin, tissue, and blood vessels. After the trocar needle
enters the blood vessels, motor 7 drives connector 2 to retreat with the rigid needle for about 5 mm, so
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Figure 5. (a) 3D model of the venipuncture robot. (b) Yaw angle adjusting mechanism. (c) Pitch angle
adjusting mechanism.

that the needle tip of the rigid needle is retracted into the flexible tube to avoid puncture of the blood
vessel’s lower wall during the needle insertion process. Subsequently, motor 6 drives the trocar needle
to continue to advance in the blood vessels for about 5 mm. The motor 7 drives connector 2 to withdraw
from the flexible tube with the rigid needle, and connect the vacuum tube to start blood collection. After
the blood collection is completed, motor 6 drives the trocar needle to withdraw. Throughout the process
of needle insertion, the force sensor collects the force information of the trocar needle and then judges
the stage of the puncture needle. Fig. 6(b) and (c) represent the trocar needle puncture into the blood
vessel stage and the needle insertion stage with flexible tube protection.

3. Robot kinematics modeling

Robot kinematics analysis is the basis of robot motion control [23, 24]. As the end-effector of the VPBC
robot, the puncture needle needs to be analyzed kinematically. Based on the robot model, a position and
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Figure 6. (a) 3D model of the puncture device. (b) Trocar needle puncture stage. (c) The needle insertion
stage with flexible tube protection.

orientation transformation coordinate system (Fig. 7) was established to describe the motion relationship
of each joint.

3.1. Forward kinematics

The forward kinematics problem of the VPBC robot is to analyze the motion law of each joint motion
variable and the geometric dimensions of each link and to solve the position and orientation of the needle
tip relative to the reference coordinate system [25]. Based on the robot coordinate system, the Modified
Denavit-Hartenberg (MDH) parameters are established, as shown in Table II.

According to the definition of the MDH method, the homogeneous transformation matrix between
any adjacent link O is as follows:

OTn = Rot(x, a;_,) Trans(a;_,, 0, 0) Rot(z, 6;) Trans(0, 0, d;)

00,- —SGI- 0 ai_y
sOca;_, cOcoi,  —soi_, —disoy_ .
B sOsa_y  cOisai_,  cay dica;_, )
0 0 0 1

Where, s6; = sin(8;), ¢8; = cos(8;), sa,.; = sin(a;;), ca,.; = cos(a,.;), d; is the length of the con-
necting rod; o, is the rotation angle of the adjacent coordinate system transformation around the x;,
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193.5

Figure 7. Position and orientation transformation coordinate system of the venipuncture robot.

axis, 6, is the rotation angle of the adjacent coordinate system transformation around the z; axis. From
the homogeneous transformation matrix between adjacent joints, the spatial position and orientation
transformation matrix of the tip relative to the system base coordinate can be easily obtained:

Ny Oy 4y Py

°R, °P n, o, a, p,
T, = 0T1]T22T33T44T55T66T = ' "= ) )

! ! 0 1 n, o, a, p,

0O 0 0 1
Cy —S4 - Cs S4 S5 Px

_ S4 €4 Cs —C4-S5 Dy ?)

0 85 Cs P:
0 0 1
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Table I1. MDH parameter table of venipuncture robot.

Joint (i) 0.1 () a;; (mm) 6 (°) d; (mm) Range (mm or°)
1 0 75 0 d,+65.5 0~ 100 mm
2 90 79.2 90 d, 0~ 100 mm
3 —90 193.5 0 —d; +300 0~90 mm
4 0 35.5 04 0 —45° ~45°
5 —-90 95*cH5-83.5 05 0 0°~45°
6 —-90 40 0 ds 0~ 50 mm
n 0 43.5 0 116.3 0
(a) (b) 170
160
150
300 140
o 250 E 130
= 4
g = .
& 2004 S 120
E 150~ 180 110
/160 100
10054 140
150 2067' o A 120 90
250 o~ Y axis /mm
300 100 !
350 7 : 80
Xaxis/mm 400 450 80 150 200 250 300 350 400 450
X axis /mm
(c) (d)
280 . . - - y 280 |
260 260 |
240 240 |
o 220 = 220 ¢
g E
= 200 @ 200 |
N80 N80 |
160 160 |
140 140 |
120 ——_———————— o 120 : - . : : - . :
150 200 250 300 350 400 450 80 90 100 110 120 130 140 150 160 170
X axis /mm Y axis /mm

Figure 8. Workspace of the venipuncture robot. (a) The 3D workspace. (b) X=Y plane projection. (c)
X-Z plane projection. (d) Y-Z plane projection.

According to the forward kinematics equation of the needle tip at the end of the VPBC robot, the
workspace is drawn and shown in Fig. 8. The blue point cloud in Fig. 8 denotes the reachable workspace
of the VPBC robot, and the red area represents the target workspace. From the projections of the robot
workspace in Fig. 8(b), (c), and (d), it can be seen that the robot workspace can meet the needs of
venipuncture.
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3.2. Inverse kinematics

The inverse kinematics problem is to solve the motion parameters of each joint variable of the venipunc-
ture robot when the position and orientation of the puncture point relative to the reference coordinate
system are known. At present, the conventional methods for solving inverse kinematics include analyt-
ical solutions, numerical solutions, and intelligent algorithms. The geometric structure of the VPBC
robot designed in this paper does not satisfy the Pieper criterion [26, 27], and a closed analytical solu-
tion cannot be solved. The commonly used numerical solution to robot inverse kinematics is an iterative
algorithm, which calculates the Jacobian matrix of the robot, and then calculates the exact solution iter-
atively by given initial values [28, 29]. However, for some special positions and orientations, the VPBC
robot would be in the singularity of the Jacobian matrix and cannot be used numerical solutions for
solving inverse kinematic solutions.

In this paper, an intelligent algorithm is used to establish a fitness function with the minimum position
and orientation error of the needle tip as the optimization index. The problem of solving the inverse
kinematics nonlinear equation is transformed into an optimization problem and solved by DE algorithm
[30, 31]. The robot joint variables d,, d,, ds, 64, 05, and dg are selected as the solution sets of the DE
algorithm so that the target can obtain an optimal solution set within robot joint variables, and the end
position and orientation error is minimized. In other words, the value of the adaptive function is the
smallest.

The selected solution set is brought into Eq. (3) to obtain the position and orientation matrix °7",.
Then, the position error AP and orientation error AR of the needle tip are obtained. The formula is as

follows:
n, o, a. p,
op |:oR;1 OP;:| B n,o o, a, p, 3
0 1 n, o, a i
0 1
2 2 2
AP:\/(p,/v_pX) +(P;—py) +(p2_p1) (4)

AR = A2+ Ao> + Aa?

The construction of the adaptive function is related to the position error and orientation error, and
the orientation error is associated with the joint space. The value range of the joint vector element is
[—1,1], and the position error is related to the range of the workspace. The range can be determined
according to the distribution of the workspace. Therefore, the measurement benchmark between the two
errors is different. Error convergence imbalance needs to be solved by weighting the two errors [32, 33].
The adaptive function is as follows:

f=vyp- AP+ yg- AR %)

where y, is the position error weight coefficient, and vy, is the orientation error weight coefficient. The
inverse motion of the DE algorithm can be solved according to this adaptive function.

3.3. Verification of the forward and inverse solution

Based on the above analysis, the mechanism scale parameters mainly include d,, d, d3, 64, 05, and d.
The optimization goal of this study is to determine the combination of mechanism input parameters
according to the desired output position and orientation. The input parameters (d,, d,, ds, 0.4, 05, d¢) in
Eq. (6) are solved by the DE algorithm proposed in [34]. It can be observed that the decision variables
in the process of solving the inverse solution of the mechanism position are:

X = (-xls-xb e 9-xn)T = (dl’ d27 d3’ 947 95, dG)T (6)
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Table III. Robot inverse solution.

Drive joint variables of the robot

Number d,/mm d,/mm d;/mm 04/° 0s/° d¢/mm
1 74.9631 10.1014 80.0000 0.3491 0.3491 40.1079
2 74.9968 10.0088 80.0000 0.3491 0.3491 40.0093
3 75.0062 9.9830 80.0000 0.3491 0.3491 39.9820
4 75.0242 9.9335 80.0000 0.3491 0.3491 39.9292
5 75.0635 9.8256 80.0000 0.3491 0.3491 39.8145

Table IV. Verification of robot inverse solution.

Drive joint variables of the robot

Number Px Dy P

1 347.2142 54.8592 268.1003
2 347.2142 54.8593 268.1003
3 347.2142 54.8591 268.1003
4
5

347.2142 54.8592 268.1003
347.2142 54.8591 268.1003

The optimal target function of the inverse solution of the mechanism position is:
minf(x) =yp- AP+ vz - AR (7N

The control parameters of the DE algorithm for solving inverse position are Np =40, D=6,
Cr=0.85, F=0.5, and T =1000. In this paper, the algorithm ends when the current evolution time
t =T. The value ranges of the variables to be determined are x,,,, = [100, 100, 90, 7t/4, /4, 501, X = [0,
0,0, —m/4, 0, 0], and the acceptable error f,. = 1071°. The DE algorithm of the literature [35, 36] is run
independently, and the obtained inverse solution parameters of the mechanism position are shown in
Table II1.

To verify the correctness of the inverse position solution, five groups of inverse solutions were intro-
duced into °T, to obtain the corresponding tip position (Table IV). Within the allowable error range, the
robot inverse solution is consistent with the given robot end position, which proves the effectiveness of
the inverse solution method.

3.4. Trajectory planning

3.4.1 Trajectory planning using quintic polynomial interpolation

The trajectory of the VPBC robot can be divided into two segments. The first segment is the movement
of the puncture needle from the initial point A to the puncture starting point B, and the second is the
movement from the puncture starting point B to the puncture end point C. Since the puncture needle
needs to move to the puncture starting point in the desired position and orientation, this paper utilizes
the joint space planning method to plan the robot’s trajectory, using joint variable functions to describe
the robot trajectory. Quintic polynomial interpolation is used for joint trajectory planning to ensure the
continuity of puncture speed and acceleration [37, 38]. According to the pose P, of the puncture needle
at the initial point, the pose P; of the puncture starting point, and the pose P, of the puncture end point,
the position p; of each joint i at time #; is obtained through inverse kinematics, that is,

P=(p;.t), i=0,1,...,6. j=0,1,....n. (8)

Downloaded from https://www.cambridge.org/core. IP address: 18.216.169.169, on 24 May 2024 at 05:21:23, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50263574724000407


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0263574724000407
https://www.cambridge.org/core

1608 Zhikang Yang et al.

Table V. The position and orientation of the trajectory

planning fitting point.

Point Orientation Position

A a=0,p=0 (294.1, —31, 310.53)
B a=15°B=30° (355.17, —31.56, 209.24)
C a=15°B=30° (346.21, 1.9, 189.24)

The continuous joint trajectory planning is obtained through quintic polynomial interpolation of the
sequence of each joint position and time of the robot.
pi(tj) =a;st] + auti’ + apty + apty® + ant; + ay )
Then the velocity and acceleration of each joint of the robot on trajectory are
!p; (tj) = 5a,-5t]‘.‘ + 4a,-4tj3 + 3a,-3tj2 + 2apt; + ay 10)
p;.’(tj) = 20a,-5tj3 + 12a,-4tj2 + 6ast; + 2a,

To realize the start and stop control of the robot at positions A, B, and C, the constraints of angle
(displacement), angular (displacement) velocity, and angular (displacement) acceleration of each joint
are set as shown in Eq. (11).

pi(t) =P10’Pi(t_/) = Dij>
Pi(t0) = plo. P(1;) =P} an
pi(t) =pio, P} () =P,
Substitute the constraints of each robot joint into Egs. (9) and (10) to determine the coefficients of
the trajectory function p;(#;) of each joint.

ap=0,
a; = P,’-O s
Aap = P,/»O /2,

20(pij—pio ) — (8pj+120}0 ) tj— (305 —p}; ) 17 (12)
aj = - 23 )

7

30([1,0—17,'/) + ( 1 4p;/-+ 1 6p;0)tj+ (3[1;6 —Zp;j’-) t,-z

Qis = 214 ’
J

12(pi—pio) 6Pl +7io) = (Pio=Pj) 7

ajs = 2 )
7

3.4.2 Trajectory planning simulation

In this section, the trajectory planning simulation of the puncture needle is performed, and three nodes
on the puncture path are selected: initial point A, puncture starting point B, and puncture end point C.
The poses are shown in Table V. Among them, the orientation is the yaw angle o and pitch angle § of
the puncture needle, and the position is the coordinate value of the needle tip in the base coordinate (p,,
Dy, P2)- By substituting the fitting point poses of the puncture trajectory planning in Table V into the DE
algorithm in Section 3.2, the changes in each joint can be obtained, and simulation software is used for
trajectory planning.

Import the 3D model of the venipuncture robot in Unified Robot Description Format (URDF) for-
mat into the simulation software and use the quintic polynomial interpolation function in the software
to interpolate the joint drive angles (displacements) corresponding to the three feature points. Motion
simulation is performed in the software. The time of the entire motion process is set to t =10s. The
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Figure 9. Trajectory planning of the venipuncture robot. (a)—(c) Trajectory planning timing diagram
of the venipuncture robot. (d) Variation curve of each joint. (e) The velocity curve of each joint. (f)
Acceleration curve of each joint.

trajectory of the puncture needle end, the joint angle (displacement) of each joint, the joint angle (dis-
placement) velocity, and the joint angle (displacement) acceleration change curve as shown in Fig. 9.
The speed and acceleration curves of each joint of the puncture robot are relatively continuous and
smooth, proving that there are no sudden changes in the robot’s movement and no singular points on the
trajectory.
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Figure 10. Prototype of the venipuncture robot. (a) The venipuncture robot. (b) The screw module and
drive. (¢) The motion control card. (d) The force sensor.

4. Experiment and validation

4.1. Robot system

According to the analysis and design mentioned above, this paper developed a prototype of the auxiliary
VPBC robot, as shown in Fig. 10(a). The prototype is sized (450 x 450 x 525) mm3. The base and
bracket are made of aluminum alloy profile, and the connectors are made of 6061 aluminum alloy. The
drive motor is a closed-loop stepper motor, and the sliding pair uses a precision linear module with
an accuracy of less than 0.05 mm. The motion controller is controlled by high-end eight-axis motion
control cards. The force sensor uses a thin-film pressure sensor with a range of 0-6N.

4.2. Trajectory planning of the venipuncture robot

According to the trajectory planning in section 3.2, the VPBC robot was used to perform trajectory
planning experiments on the phantom arm. Input the time series of joint changes into the PC interface
program to drive the trocar needle to puncture along the planned trajectory to complete VPBC. The
experimental results are shown in Fig. 11. The trocar needle completes the position and orientation
adjustment from the initial point A along the trajectory AB to the puncture starting point B and then starts
the puncture to reach the puncture end point C. The trocar needle trajectory obtained in the experiment
is consistent with the trajectory obtained in the simulation, which proves the effectiveness of trajectory
planning.

4.3. Composite puncture blood collection experiment on the phantom arm

We performed a venipuncture experiment on the phantom arm to test the robot’s performance. The skin
of the phantom arm is made of silicone. It has a silicone hose inside and a red liquid with a pressure of
10 mmHg in the hose to simulate blood. The diameter of the silicone hose is 4 mm, the wall thickness is
0.5 mm, and it is located 3 mm under the skin of the phantom arm. The size of the venipuncture needle
is ©0.7*19 mm.

In the experiment, the three-dimensional coordinates of the target puncture point on the phantom
arm were obtained through measurement and calculation. Then, trajectory planning is performed so
that the trocar needle moves to the puncture starting point with an orientation of 0° yaw angle and 30°
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Figure 11. Path planning experiment of the venipuncture robot. (a) Initial state. (b) Position and
orientation adjustment stage. (c) Puncture stage.

Figure 12. Venipuncture experiment on phantom arm. (a) Robot performs puncture. (b) The vacuum
tube collects red liquid.

pitch angle. Perform composite puncture according to the VPBC robot workflow in section 2.2 until red
liquid appears in the flexible tube, as shown in Fig. 12(a). Insert the other end of the trocar needle into the
vacuum blood collection tube, and the red liquid flows into the vacuum blood collection tube under the
pressure difference, as shown in Fig. 12(b). During the experiment, if an error occurs, the robot can be
stopped immediately through the “Stop” button on the PC interface to avoid secondary injury. The entire
experimental process took about 25 s. The robot successfully punctured the target point and collected
red liquid in the vacuum tube in 20 simulated puncture experiments, which proved the feasibility of the
RFCP strategy.

5. Conclusions

The venous blood test is a prevalent medical auxiliary diagnostic method that aids in disease diagnosis
and treatment. The venous blood collection equipment can improve blood collection’s success rate and
stability, reduce the workload of medical staff, and improve the efficiency of diagnosis and treatment.
This paper proposed an RFCP strategy, which uses the rigid needle and flexible tube of the trocar needle
to replace the traditional rigid needle puncture. A small 7-DOF auxiliary VPBC robot composed of a
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position and orientation adjustment mechanism and an RFCP end-effector was designed based on this
strategy. It can perform RFCP and avoid pierceing the blood vessel’s lower wall during puncture. Then,
the robot kinematic analysis was performed and the inverse kinematic solution of the robot was solved
using the DE algorithm. The trajectory planning control was implemented using quintic polynomial
interpolation algorithm. Finally, a VPBC robot prototype was developed, and trajectory planning exper-
iments and composite puncture and blood collection experiments were conducted. In the experimental
results, the VPBC robot followed the set trajectory from the initial point to the puncture starting point
and moved smoothly without oscillations. In addition, the VPBC robot can also successfully collect
simulated blood from the blood vessels of the phantom arm using the RFCP strategy. The experiment
result verified the correctness of the inverse kinematic solution and trajectory planning and the feasi-
bility of the RFCP strategy. The results in this paper are based on the phantom arm. The phantom arm
has biological properties similar to the human arm, but cannot fully simulate a real puncture situation.
Next, we plan to use animal experiments to study the actual situation of composite puncture.

In future work, we will optimize the VPBC robot’s design and verify the effect of the RFCP in animal
experiments. Study the puncture force model during the composite puncture process and integrate it with
the vein imaging system to guide the auxiliary VPBC robot to perform puncture blood collection.
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