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Abstract

Automatic venipuncture robots are expected to replace manual venipuncture methods owing to their high control precision,
steady operation, and measurable perception. However, the lack of perception of the venipuncture status in the human body
leads to an increased risk and failure rate, which further restricts the development of such robots. To address this, we pro-
pose a humanoid venipuncture method guided by a biomechanical model to imitate human sensations and feedback. This
method intends to perceive the venipuncture status and improve the performance of the venipuncture robot. First, this study
establishes a biomechanical venipuncture model, which thoroughly considers the elastic deformation, cutting, and friction
of tissues and can be applied to different venipuncture conditions. Then, venipuncture simulations and in vitro phantom
experiments are performed under various settings to analyze and validate the model. Finally, to evaluate the robotic human-
oid venipuncture method, we apply the method to a self-developed six-degree-of-freedom venipuncture robot via rabbit ear
veins with a success rate of approximately 90%. This work demonstrates that the humanoid venipuncture method based on

the biomechanical model is practical and rapid in processing simple information in venipuncture robots.

Keywords Biomechanical model - Force feedback - Status perception - Venipuncture robot

1 Introduction

Venipuncture is obtaining a blood sample or applying an
injection of medication by puncturing a vein. Manual veni-
puncture is currently the primary method used. Statistics
show that the total number of venipunctures performed
worldwide is approximately 3.5 million per day [1], with
about 85 percent of medical staff spending more than 75
percent of their time on the procedure [2]. It is evident that
manual venipuncture consumes massive amounts of health-
care resources; therefore, it is of great social importance to
liberate healthcare resources from venipuncture tasks.
Numerous medical problems have been solved with the
evolution of medical robot technology. For example, the da
Vinci surgical robot [3] and the puncture robot [4] have the
features of high motion precision, robust perceptual per-
formance, powerful data processing, and excellent stabil-
ity because of their intelligent control method and creative
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mechanism design [5-8]. Moreover, the spread of covid-19
raises new challenges for protecting medical staff. Using
robots to assist in medical procedures enhances accuracy
and efficiency and minimizes the risk of medical staff getting
the virus. Under the remote operation of medical staff, the
robot's motion error was within an acceptable range of Smm
during minimally invasive surgeries [9], and a success rate
of 95 percent could be reached when collecting oropharyn-
geal swabs samples for covid-19 [10].

Consequently, venipuncture robots are anticipated to
undertake venipuncture to alleviate the burden on medical
staff and reduce cross-infection when COVID-19 is raging.
Regarding mechanism design, the venipuncture robots have
advanced from single to multiple degree-of-freedom designs
[7-13], which allow for more flexible motions with multiple
angles of the puncture needle. Further, the needle can be
controlled effectively to reach the target site with excellent
vein recognition. However, the lack of in vivo puncture state
sensing (current depth and position) limits effective control
of the needle entering the target vein stably, making these
robots less successful and more risky. Therefore, enabling
venipuncture robots to sense the puncture states is an urgent
research problem that must be solved.
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Currently, the leading solution to this problem is to use
ultrasound equipment to observe the puncture process in
real-time [11-13]. However, ultrasound imaging depends
on the tissue cross-section, so it is vital to ensure that the
needle and veins are always located within the field of
ultrasound imaging during the puncture [5, 11]. Once the
needle is not aligned with the imaging cross-section of the
ultrasound device during its movement, the needle falls into
an observation blind spot, increasing the risk of puncture
failure. Moreover, ultrasound imaging has a lengthy learn-
ing time [14, 15], and image processing is complicated [16,
17]. Studies have also been reported on the electrical imped-
ance of biological tissues. As the electrical impedance of
blood is lower than in other tissues [18-21], changes in the
electrical impedances during puncture are detected to deter-
mine whether the puncture needle enters the vessel [22-24].
Although this method is simple and low cost, it requires
modification of the needle to detect electrical impedances,
which cause blood contamination and potential harm. There-
fore, these two methods cannot solve the puncture state sens-
ing problem.

We note that the human hand, aided by the central nerv-
ous system, is capable of various fine manipulative move-
ments [25, 26], so more research focuses on humanoid
behavior and anthropomorphic control methods [27, 28].
Manual venipuncture is mainly dependent on touch-pressure
sensations and the nervous system. In manual venipuncture
(Fig. 1), changes in the force on the needle perceived by
the human hand are transmitted to the brain via sensory
nerves. The sensory centers in the cerebral cortex process
these signals. Once the puncture needle enters the vessel,
the movement of the needle becomes smoother owing to
changes in the puncture force. When the haptic center senses
this change, the brain senses that the needle has entered the
vein and commands the hand muscles to stop. The intro-
duction of force control in robotic systems has been widely
proved feasible and effective for improving control perfor-
mance [29-31]. Consequently, if venipuncture robots can be
equipped with humanoid force perception, the inability to
perceive the in vivo puncture status is expected to be solved.

We attempt to establish a biomechanical model of veni-
puncture by exploring the changing patterns and influencing
factors of puncture forces. The model is able to guide the
robot to imitate human sensations and feedback to assess
status and position during automatic venipuncture. Some
scholars have already studied the puncture processes in bio-
logical tissues and established the corresponding biome-
chanical models. For example, Jiang et al. [32] experimen-
tally analyzed the relationship between the interaction force
between needle and tissue, the shape of the needle tip, and
the diameter of the needle. They concluded that the insertion
force was more significant in skin and muscle than fat. Bar-
nett et al. [33] measured the fracture toughness, friction, and
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Fig. 1 Perception and manipulation in manual venipuncture

crack length using different needle sizes and insertion speeds
on a puncture phantom and concluded that the increase in
insertion speed could not reduce the insertion force.
Okamura et al. [34] and Fischer et al. [35] studied and
modeled the forces of puncturing bovine liver and prostate,
respectively. Su [36] studied a complete puncture force
model in pig viscera, including the effects of needle inser-
tion speed, angle, and tip shape on puncture force. However,
unlike organ cutting, venipuncture cuts through multiple lay-
ers of tissue and then enters the vessel, thereby excluding
these biomechanical models. Moreover, standardized dispos-
able puncture needles with a consistent tip shape and diam-
eter are used during venipuncture, eliminating the influence
of different needles. Other scholars have conducted studies
and biomechanical modeling for the puncture of flexible
needles [32, 37-39]. The puncture force modeling in such
studies needs to focus on the deflection of the needle. How-
ever, since rigid needles are used in venipuncture and have
a small range of motion, needle deflection can be ignored.
Compared to puncturing biological organs, research on
venipunctures is relatively scarce, and the main reason is that
venipuncture equipment requires dexterous working spaces,
precise movements, and superior stabilities. Till date, there
is no biomechanical model of venipuncture, and only a few
studies on venipuncture processes have been reported. How-
ever, it has been demonstrated that variations in puncture
force can be used to guide automated venipuncture. For



Journal of Intelligent & Robotic Systems (2022) 106: 31

Page3of 14 31

example, Satio et al. [22] performed a rabbit ear vein punc-
ture under specific conditions and showed the generation of
abrupt changes in the force curve. Li et al. [40] performed
puncture experiments on a model and studied the force vari-
ations when the vessel and needle were misaligned. Kob-
ayashi et al. [41] obtained the most straightforward condi-
tions for stopping needle movement in the vein (insertion
angle of 10-20° and velocity of 3 mm/s) by inserting the
needle into the porcine jugular vein to obtain a puncture
reaction force and assessing the change in force.

Therefore, we propose a robotic humanoid venipuncture
method based on a biomechanical model to efficiently solve
the venipuncture robot's ability to sense puncture status and
position. This method mimics the human sensory and feed-
back control of the needle movements to guide and improve
the performances of venipuncture robots. The model was
verified by simulation, in vivo, and in vitro experiments,
which indicated that the biomechanical model of venipunc-
ture was universally applicable, and the humanoid venipunc-
ture method based on the model was effective. The main
contributions of this study are highlighted as follows: 1)
a biomechanical model of venipuncture is established by
analyzing the needle-tissue interactions, including elastic
deformation, tissue cutting, and friction; and the model is
validated in various conditions. 2) The robotic humanoid
venipuncture method based on the model can percept the
puncture state only by force signal with fewer hardware
requirements. It is evaluated in vivo experiments by a self-
developed six-degree-of freedom venipuncture robot.

The remainder of this paper is organized as follows. Sec-
tion II analyzes the needle—tissue interactions during punc-
ture and the developed biomechanical model. Section III
presents the simulations and in vitro experiments of the veni-
puncture process and in vivo experiments of the humanoid
puncture method based on the biomechanical model. Section
IV summarizes the results of these experiments, and Section
V contains a discussion and analysis of the experiments.
Finally, Section VI presents a summary and conclusions of
the study.

2 Venipuncture Method
2.1 Biomechanical Modeling of Venipuncture

Venipuncture can be divided into three stages with different
forces. The puncture needle interacts with tissues and is sub-
jected to elastic forces, cutting counterforces, and frictional
forces mainly from tissue deformation, rupture, mutual com-
pression, and friction. In addition, the force from the blood
after entering the vessel may be negligible owing to the low
venous blood pressure (about 1E-3 MPa) and small force
area of the needle.

2.1.1 Elastic Force

The deformation phase causes elastic forces because of the
viscoelasticity of soft tissues. Therefore, the generation of
elastic forces between the puncture needle and soft tissues
can be considered an elastic contact problem. Owing to the
small diameter of the puncture needle relative to the size
of the soft tissues, the surfaces of the two bodies are ini-
tially in contact at a single point, and a local stress con-
centration is generated at the contact area, which is non-
conformal contact. When the contact area is tiny, it is
possible to analyze only one infinitely large object sub-
jected to a point load and ignore the other object. The
elastic force Fj; on the puncture needle and force F, on the
tissues during elastic deformation generation constitute a
pair of action and reaction forces, so F; can be solved by
analyzing F"; F’E can be decomposed into a normal force
F}, . on the tissue and a tangential force F} . The tissue
deformation in the depth direction is affected only by the
normal force F' ;E,x' Therefore, the Sneddon solution of the
elastic contact problem [42] is used to solve for F”, ® which
results in the elastic force Fp.

The puncture needle is in contact with the soft tissue at
the point O and the coordinate system uO'p is established
as shown in Fig. 2. The radius of the contact circle in
the elastic half-space is a, and the distance between the
surfaces u =f(x) =f(p/a) and f(0) =0 The boundary condi-
tions are

{%Am®=sta

6P, 0) = 0,p > a M

Ll

=7

|A

Fig.2 Effects of elastic forces: (a) total elastic force and (b) Elastic
force along the y-direction
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where apu(p,O) is tangential stress, auu(p,O) is nor-
mal stress, and p is the distance from O’ in axis p on the
surface.

Under the normal force F. , the normal stress outside the
contact radius is 0, and the tangentlal stress at the contact
surface is 0. In the process of elastic deformation of the
tissue, the stress and the maximum deformation are Eqs. 2
and 3,

o (= E __d i@
uu\F» ax(l _ 02) dX 1 l2 —)C2 (2)
| e
b S’ (x)dx 3
04/1 — x2
f’ (dx " (x)dx
n== — 4
0= { 04/1 —x2 0 t2—x2} @

where E and v are the equivalent elastic modulus and
Poisson ratio of the tissue, respectively. Therefore, in the
elastic half-space, F, _ is given as
lxzf’(x)dx

“ i 4Ea
F. = / / 6,.,(p,0)d0dp =
Ex — 0 1= 02 0 ,—1 — x2 (5)

where 6 is the angular range of the elastic half-space, and
0€[0, z]. Since the puncture needle is in point contact with
the tissue, the surface shape function of the needle tip can
be simplified to fix) =axtanf (f is the bevel of the needle)
and substituted into Egs. 3 and 5 to obtain

L e
h= M = l7ratanoc (6)

041 —x?

2 4E cot
ngzﬂtanﬁzﬂ
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Therefore, the elastic force is given by

i %)

F, 4E cot
Fy= .E,x _ co ﬁ. JE ®)

sina (1 -0?)zsina

where a is the needle insertion angle.

2.1.2 Cutting Counterforce

There are often many small cracks and defects in a given
material. As the deformation increases, these cracks expand
when the force exceeds a certain level, thereby leading to
tissue destruction [43]. The puncture needle is subjected to
a cutting counterforce, under which the crack size expands

@ Springer

from a point to a circle of radius R (equal to the radius of
the puncture needle). Thus the work done by the needle in
producing a displacement of o/ is equal to the energy oW,
required to produce the crack and strain energy 6Wy inside
the tissue, i.e.,

Pol=o6W, + Wy )
oWe = J1 (R, V)sél (10)
Wy = %HGRZ(SI 11

where s is the crack length that is constant when the
puncture needle is determined. Owing to the viscoelasticity
of biological tissues, the crack length can be considered as
s=2R. J;(R, V) is the first mode of fracture stiffness, which
is related to the tissue properties and is proportional to the
velocity when the puncture needle specifications are deter-
mined [33]; G is the shear modulus of the material, so the
cutting reaction force is

Fo=2RJ;-(R,V) + %ﬂGRZ (12)

2.1.3 Frictional Force

Once the puncture needle enters the soft tissue, the sur-
rounding soft tissue is deformed, which squeezes the needle
and produces friction between the needle and tissue. The
frictional forces are related to the material properties of the
puncture needle and tissue, contact area, and needle inser-
tion speed. It is caused by soft tissue adhesion and damping
effects, so the mathematical model of the friction force dur-
ing puncture can be constructed based on the LuGre model
[44].

Fr=kFy+kV (13)

where k,; and k, are the damping and sliding friction coef-
ficients, respectively, and F), is the positive pressure perpen-
dicular to the axial direction of the piercing needle. In the
friction process between the metal and hyperelastic material,
the sliding friction coefficient k, decreases with an increase
in velocity [45].

According to the Winkle foundation beam model [46],

Fy = kAb (14)

where k is the base bed coefficient and settling volume
b=R. The contact area between the puncture needle and
tissue is A=(2zRI)/sin e, [/ is the depth of needle entry and
L is the distance of the upper wall of the vessel from the soft
tissue surface. Thus, the frictional force is
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2w Rk, ki
=—+

, k,V (15)
sSino

Fy
Hence, the biomechanical model during venipuncture is
given by Eq. 16.
4F cot f
(1-0?)7 sin a
2RI, (R, V) + %nGRZ
27 R2kyki

h?, Elastic deformation stage

16)

+
sin a
27 R°k{kL

sin

+ k,V, Cutting tissue stage
+ k,V, Entry into the vascular stage

(b)

(©

Fig.3 Three stages of venipuncture: (a) elastic deformation, (b) tis-
sue cutting, and (c) vascular entry stages

Fig.4 Control flow of the punc-
ture needle

End effector

Motion

2.2 Humanoid Puncture Method Based
on the Biomechanical Model

The biomechanical model of venipuncture is analyzed in
Fig. 3. When the puncture needle and soft tissue contact and
produce elastic deformation, there is an elastic force only
between the needle and tissue, which is the elastic defor-
mation or first stage of venipuncture. As the deformation
increases, the force between the needle and tissue gradually
increases until the tissue is destroyed. The needle continues
to move while cutting tissue and is impeded by soft tissue
so that cutting and frictional forces are generated, which is
the second or tissue cutting stage of venipuncture. Here, the
needle is subjected to cutting counterforces and frictional
forces. When the puncture needle enters the upper wall of
the vessel into the bloodstream, ignoring the effects of blood
pressure, the cutting counterforce disappears, and the needle
is subjected to tissue resistance and friction. This force pro-
duces a sudden drop in the axial direction along the needle,
which is the third or vascular entry stage of venipuncture.

In manual venipuncture, the needle tip is considered to
have entered the vessel when the medical staff senses sud-
den smoothness in the needle movements. According to the
biomechanical venipuncture model, this feature's manifesta-
tion is caused by a sudden decrease in force. Therefore, the
venipuncture robot can mimic the perception and feedback
of the medical staff based on the biomechanical model to
control the needle movements. As shown in Fig. 4, the robot
collects data through high-resolution force sensors and sends
the data to a host computer for processing and analysis. The
robot is controlled to stop moving when the host computer
judges that the needle has entered the vein according to the
sudden decrease of force.

3 Experimental Setup
3.1 Design of Experimental Platform

The experiments in this work were all performed on the
self-developed venipuncture robot (Figs. 5a and b). The
robot requires a small working space during venipuncture
but must have flexible motion, high accuracy, and rapid
responses. The robot has a positioning arm and an end effec-
tor. It has six degrees of freedom with a decoupled position

Force sensor Computer

Peak
detection

Noise

Collect data )
reduction
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Fig.5 (a) photograph of the experimental platform, (b) model of the »
experimental platform, and (c) installation of the force sensor and
puncture needle

and attitude to improve motion accuracy and reduce control
difficulty.

The positioning robot arm contains three degrees of free-
dom of movement in Cartesian space to realize the position-
ing of the end effector in a working space of 70mm X 80mm
X 40mm and repeatable positioning accuracy of 0.006mm.
The end effector has sufficient degrees of freedom to adjust
the yaw and pitch angles (Figs. 6b and c), which can adjust
the angular position of the needle relative to the vessel. The
adjustment ranges are -45° to 45°and O to 30°, respectively,
and the repeatable positioning accuracy is 0.06°. The feed
mechanism enters and extracts the puncture needle with a
miniature linear actuator (Inspire-Robots LASF16 series)
with a stroke of 16mm and a movement accuracy of 0.03mm
to realize high-precision movements over a small range.

A six-dimensional force sensor ATI-Nanol7 (model
SI-50-0.5, Fig. 5¢) was mounted on the robot end-effector
to measure small force changes during venipuncture. It
was connected to a universal puncture needle (model 24G,
@®0.55mm X 19mm) to measure the force (acquisition fre-
quency of 20 Hz) and process and analyze data through
the host computer. The force sensor has high resolution
and rapid response, and the range meets the measurement
requirements. The ranges of Fx and Fy are 50N each, the
range of Fz is 70N, and the resolution is1/80N.

3.2 Simulation of Puncture Process and In Vitro
Experiments Based on Pork Phantom

This study simulated venipuncture in Ansys software under
different conditions, and in vitro experiments were per-
formed with a pork phantom. In the simulations, the punc-
ture needle movement stopped when it reached the vessel's
center. In contrast, each in vitro experiment was performed
as a complete venous puncture (the needle entered the ves-
sel for several seconds and was then withdrawn). The model
used for the puncture process simulation contained four lay-
ers of tissues, skin, fat, muscle, and blood vessels, as shown
in Fig. 7a. The model size was 10mm X 20mm X 15mm.
The blood vessel with 3.5mm outer diameter and 3mm inner
diameter was located in the fat layer. The parameters of the
material of each layer were set in Table 1 [47, 48]. The punc-
ture needle used was a 24G universal blood collection needle
(®0.55mm x 19mm), and its material was structural steel.
The tissues were set as fixed contact with each other, and the
puncture needle was set for frictional contact with each layer
of tissue, with a pressure of 1000Pa added to the vessel wall.

A venipuncture pork phantom was prepared under the
human forearm anatomy model for in vitro experiments.

@ Springer
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Fig.6 (a) The three-dimensional relationship between needle and
vein, (b) schematic diagram of yaw angle a, and (c) pitch angle f

Since pork has excellent mobility, the entire model is placed
in a container to prevent excessive mobility of the phantom
during venipuncture leading to failure. The bedding mate-
rial, pork muscle, pork fat, and pigskin were placed in order
from the bottom in a rectangular container. A rubber tube
with a 3mm inner diameter and 4mm outer diameter was
embedded in the pork fat to simulate a venous vessel, as
shown in Fig. 7b.

Venipuncture was simulated at different needle deflection
angles (0°, 45°, 90°, 135°, and 180°, as shown in Fig. 8).
Then, experiments were simulated and conducted in vitro for
different pitch angles (10°, 20°, and 30°) and needle inser-
tion velocities (Smm/s, 10mm/s, 15mm/s, and 20mm/s) to
explore the effectiveness of the biomechanical model and
humanoid puncture method based on the model under dif-
ferent conditions.

3.3 InVivo Experiments Based on Rabbit Ear Vein

In vivo experiments were performed with the robotic system
(Fig. 5c) on a rabbit's ear vein (Fig. 9). The humanoid punc-
ture method based on the biomechanical model was applied,
and the puncture site was selected manually according to the
segmentation image of veins [49]. During robotic puncture,
force data were collected and processed for analysis. The
robot stopped moving when it determined that the puncture
needle had entered the vessel. The puncture was deemed

Needle

Skin

Fat

Vein

Muscle

Pigskin
Simulated vein

Fat

Muscle

Base material

Container

(b)

Fig.7 (a) simulation model in Ansys, and (b) pork phantom used in
the experiment

Table 1 The parameters of the mechanics of biological tissue

Yeoh Model Mooney-Rivlin Model

Tissue Skin Vessel Tissue Fat Muscle
C10(MPa) 0.5 0.4 C10(MPa) 0.1 1
C20(MPa) -0.06 -0.05 CO01(MPa) -0.04 -0.5

D1(MPa-1) 0.01 0.01 D1(MPa-1) 0.01 0.1
D2(MPa-1) 0.1 0.12 - - -

successful by observing the blood collected in the vacuum
tube.

Two Chinese white rabbits (4kg weight) were used for
the in vivo venipuncture experiments. The experimental
protocols conformed to the ethical review guidelines for
animal experiments at Harbin Institute of Technology,
reduced the animals' pain to the maximum extent possi-
ble, and did not cause damage to the animals. The limbs
and heads of the rabbits were fixed without anesthesia
on a medical laboratory table using elastic bandages.

@ Springer



31 Page8of14

Journal of Intelligent & Robotic Systems (2022) 106: 31

i / >

135°

e

) %

180°

Fig.8 Diagram showing deflection angles

Fig. 9 Rabbit ear vein used in the experiment

The rabbits' ears were fixed using medical elastic tape to
expose the ear veins, which were about 1-2mm in diame-
ter. Two punctures were performed on the rabbits' left and
right ear veins in one day, and the rabbits were allowed to
recover for one week before the next set of experiments,
for a total of 25 experiments. The experimental param-
eters were chosen in the experiment to have a deflection
angle of 0°, a pitch angle of 10°, and a needle velocities
speed of 10mm/s.

@ Springer

4 Results

4.1 Simulation of Venipuncture and In Vitro
Experiments Based on Pork Phantom

The puncture force is mainly distributed axially along
the puncture needle, which is similar to that in the veni-
puncture simulation, as shown in the in vitro experiments
in Figs. 10a and b. The force changes in the other direc-
tions are small and negligible compared with F_. Mean-
while, three peaks, A, B, and C, were generated during the
puncture simulations when puncturing the skin, fat, and
blood vessel. Only one peak was observed in the punc-
ture phantom when piercing the blood vessel. When the
deflection angle, pitch angle, and needle speed were var-
ied, the puncture forces had the same trends, increasing
to a peak and then decreasing abruptly. The results of the
in vitro experiments are similar to those of the puncture
simulations. However, there is a strong regularity in the
sudden drop of the puncture force in the simulated results.
As shown in Table 2, the degree of sudden drop decreases

Force(N)

0.0 0.5 1.0 1.5 2.0
Time (s)
(a)

0.8

0.6
04
%’ 0.2
&
S 00

-0.2

Fig. 10 Curves showing force changes in the simulations and in vitro
experiments: (a) comparison of the three-dimensional forces in the
puncture simulation, and (b) comparison of the three-dimensional
forces in the in vitro experiments
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Table 2 Peak puncture forces and vessel deformations under different puncture conditions

Simulation In vitro experiment
Peak force (N) Percentage of sudden Vascular defor- Peak force (N) Percentage of sudden
drop in force (%) mation (mm) drop in force (%)
Deflection angle of needle® 0° 0.490 42.70 0.164 - -
45° 0.456 42.83 0.178 - -
90° 0.513 34.65 0.195 - -
135° 0.464 32.69 0.205 - -
180° 0.450 29.98 0.212 - -
Pitch angle® 10° 0.696 28.83 0.112 0.780 44.87
20° 0.607 33.72 0.135 0.761 44.34
30° 0.490 42.70 0.164 0.749 29.49
Insertion speed® 5 mm/s 0.548 41.90 0.165 0.759 36.94
10 mm/s 0.490 42.70 0.164 0.749 29.49
15 mm/s 0.468 41.80 0.168 0.630 34.30
20 mm/s 0.436 41.85 0.167 0.597 24.93

“Fixed pitch angle of 30° and needle insertion speed of 10 mm/s for puncture simulations at different deflection angles.

"Fixed deflection angle of 0° and needle insertion speed of 10 mm/s for puncture simulations and in vitro experiments at different pitch angles.

Fixed deflection angle of 0° and pitch angle of 30° for puncture simulations and in vitro experiments at different needle insertion speeds.

with increasing deflection angle and increases with increas-
ing pitch angle. The effects of needle insertion speed are
not apparent. In contrast, in the in vitro experiments, there
were no apparent regularities in the degrees of abrupt
change, but all exceeded 28%.

The peak force changed with the deflection angle, pitch
angle, and needle insertion speed during venipuncture,
but the degrees of change differed between the venipunc-
ture simulations and in vitro experiments. The peak force
decreased with increasing pitch angle, which changed
significantly for the venipuncture simulation but only to
a small extent in the in vitro experiments (Fig. 11). In
contrast, the peak force decreased with increasing needle
insertion velocity in the in vitro experiments but changed
to a lesser extent in the puncture simulations (Fig. 12).
Meanwhile, the deflection angle had negligible effects
on the peak force value (Fig. 13). In addition, the ves-
sel deformations during puncture increased with increas-
ing deflection and pitch angles and were less correlated
with the needle insertion speed. When the velocity was
increased by four times, the deformation increased by
only 0.002 mm.

The tissue deformation and vessel deformation for a
puncture simulation are shown in Fig. 14. The maximum
deformation of the veins is the same as the maximum
deformation of the tissues (containing fat, muscle, and
blood vessels).

0.8
—— 10° in simulation
— — -20° in simulation
0.6f —-—-30° in simulation A
~~
o4
)
2
9]
F
0.2
0.0
0.0 0.2 0.4 0.6 0.8 1.0
Time (s)
(@)
0.8
—— 10° in vitro experiments
— = -20° in vitro experiments
0.6r _.—.30° in vitro experiments
—_
o4
)
2
)
F
0.2
0.0
0.0 0.2 0.4 0.6 0.8 1.0
Time (s)
(b)

Fig. 11 Comparison of the forces for different pitch angles: (a) the
forces in the puncture simulation, and (b) the forces in vitro experiments
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5 mm/s in simulation
- 10mm/s in simulation
—— 15mm/s in simulation
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Fig. 12 Comparison of the forces for different needle insertion
speeds: (a) the forces in the puncture simulation and (b) the forces
in vitro experiments
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Fig. 14 (a) The deformation of tissue and (b) the deformation of the
vein in a puncture simulation

4.2 InVivo Experiments Based on Rabbit Ear Vein

The force data collected from in vivo experiments had the same
trends as the simulated and in vitro experimental results. The
puncture force started increasing when the needle tip touched
the skin of the rabbit's ear and suddenly decreased before the
robot stopped. A success rate of 88% was obtained for 22 out of
25 experiments, and almost reproducible results were obtained
for all the successful experiments. The peak puncture force
was 0.2326 + 0.0452N, and the average decrease in puncture
force was 64% when the abrupt change was produced. While
conducting the experiments, the peak detection required an
average time of 0.196s, and the robot responded with an aver-
age time of 0.162s. One of these results is depicted in Fig. 15,
where the peak is seen at 3.699 s (point A), detected at 3.878
s (point B), and the robot stopped moving at 3.908 s (point C).
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Fig. 15 Automated puncture experiments with rabbit ear veins

5 Discussion

This work proposed a robotic humanoid venipuncture method
based on a biomechanical model to ensure that the robot can
perceive the position of the puncture needle during venipunc-
ture. Experiments were performed to show that the proposed
method enables the robot to sense the needle state and posi-
tion through force changes in automatic venipuncture. This is
similar to imitating the actions of medical staff who control
the needle movements based on perceptions. In cases where
the puncture needle enters the tissue and cannot be seen,
venipuncture failure caused by the needle not entering the
vessel or piercing both ends of the vessel walls is avoided.

Compared with complicated surgical robots, venipuncture
needles have a short journey and do not interact with rigid
objects (bones) [7]. The working environment is relatively
fixed and has higher stability. Of course, the process from skin
contact to blood vessel entry of the venipuncture robot is no
more than 3s, and the whole process requires a higher response
speed. Therefore, surgical robots have higher requirements for
accurate terminal control [8], while venipuncture robots have
higher requirements for the response time of state perception.
In this method, the interaction force between needle and tis-
sue is used to perceive the puncture state, and the advantage is
simple signal processing and quick robot response.

The interactions between needle and tissue based on
manual venipuncture were analyzed, and a biomechanical
model of venipuncture was proposed. The model guides the
robot to imitate the actions and perceptions of the medical
staff for venipuncture feedback. Unlike the biomechanical
models for cutting organs, such as those of the bovine liver
[34] and prostate [50], when the puncture needle enters the
vessel, a sudden force change occurs in venipuncture. At the
same time, the puncture force is almost constant because

the needle-tissue contact area and the friction force remain
constant [39]. This can be verified by the simulated results
and in vitro and in vivo experiments.

Meanwhile, reproducible force results are obtained for
successful venipuncture, regardless of the puncture condi-
tions. The reason is that the cutting force between the needle
and tissue disappears, and only the frictional force acts in the
axial direction of the needle. Barnett et al. [33] predicted the
puncture force in living tissues through a model and showed
that an average of 61% of the force during insertion is from
tissue cutting. Similarly, in vivo experimental results in this
work show a sudden decrease of 64% in the puncture force,
which coincides with the disappearance of the cutting force
in the third stage of the venipuncture biomechanical model.
Owing to the difference between the phantom and living
biological tissues, the force decreased by 24% to 44% at suc-
cessful puncture in simulation and in vitro phantom experi-
ments. These results demonstrate the validity of perceiving
the puncture state by force mutation.

The venipuncture biomechanical model proposed in this
study divides the venipuncture process into three stages: elastic
deformation, tissue cutting, and vascular entry. The model is
validated by three relatively significant changes in the simulation
results, as shown in Fig. 10a. There is fixed contact between the
material layers in the venipuncture simulations, which differs
from the interactions between actual biological tissues. Hence,
no significant changes are observed when the puncture needle
enters different material layers. The puncture force curves are
relatively smooth in the in vivo and in vitro experiments, except
for the abrupt changes in force after the puncture needles enter
the vessels. The puncture needle produces a small abrupt change
at small pitch angles and low needle insertion velocities when
puncturing the skin layer. This result is similar to that observed
in the experiments of Okuno et al. [51] on volunteers, but they
did not observe this phenomenon with rabbit ear veins. One of
the reasons for this is that the pitch angle used in the present
experiment is different (10° was used in this work, whereas
Okuno et al. used 15-30°). Another reason is the difference
between rabbit ear tissue and human tissue, so Okuno et al.
obtained different results for rabbits and volunteers.

According to the biomechanical model, the puncture force
is elastic during the elastic deformation phase, related to the
material properties, amount of deformation, and needle insertion
angle. Since the material properties are constant, the maximum
deformation is constant, and the elastic force is related only
to the pitch angle. However, owing to the vessel's small size
and minimal deformation, the elastic force differs less between
simulations and experiments. In the tissue cutting phase, the
puncture force consists of the cutting counterforce and frictional
force. The cutting counterforce is independent of the pitch angle
and is proportional to the needle insertion speed; the frictional
force is related to the contact area and is inversely proportional
to the needle insertion angle. As the insertion depth increases,
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the contact surface between the tissue and the needle increases,
thus increasing the friction. In addition, the sliding friction coef-
ficient of the hyperelastic material decreases with an increase in
the needle insertion velocity [45], which may explain why the
increase in needle velocity causes a decrease in the puncture
force in the simulations and in vitro experiments. This result
is similar to the work of Casanova et al. [52] in brain tissue to
study the relationship between force and velocity during punc-
ture. However, the experimental findings of Boer et al. [1] are
contrary to this result; this may seem possible because their
experimental subjects were plastic phantoms, which have sig-
nificantly different material properties than biological tissues.

This work selected a deflection angle of 0°, a pitch angle of 10°,
and an insertion speed of 10 mm/s for the in vivo experiments.
These parameter settings consider the need for smaller puncture
forces to reduce pain during needle insertion [30] and minor ves-
sel deformations to reduce the rate of puncture failure. When the
deflection angle is 0°, the deformation of the tissue is minimized.
An appropriate insertion speed and smaller pitch angle prevent
damage to the vessels and other tissues due to needle overshoot.

Although some differences exist in the properties of the skin,
fat layer, and other tissues between humans and animals, indi-
vidual differences have been fully considered when using the bio-
mechanical model. The model and experiments have shown that
the forces have the same tendencies for successful venipuncture
under different puncture conditions. Meanwhile, the venipunc-
ture robot's puncture status is judged in real-time by online data
acquisition, which is efficient and responsive [53, 54]. Therefore,
it can be concluded that this work's biomechanical model and
humanoid venipuncture method still apply to humans.

In several failed in vivo experiments, the puncture needles
entered the tissue but did not extract blood. The main reason
was that the vessels moved and rolled under the applied forces
during venipuncture, thus preventing the needle from entering
the vessels. The peak forces could not be detected in such cases
and increased before the robot stopped moving.

6 Conclusion

The robotic humanoid venipuncture method based on a
developed biomechanical model ensures that the robot can
simulate the perception and feedback actions of medical staff
during manual venipuncture to control the movements of
the needle. By analyzing the venipuncture, the process was
divided into three stages (elastic deformation stage, cutting
tissue stage, and entry into the vascular stage). The biome-
chanical model was constructed by discussing the interaction
forces between the needle and the tissue in each process. The
venipuncture simulations performed in Ansys and in vitro
experiments are consistent with the model, verifying the
validity. At the same time, the peak puncture force increases
with increasing pitch angle and decreasing needle insertion
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speed and is less affected by the deflection angle. However,
similar trends for changes in the puncture forces were found
despite the different conditions, with a sudden drop of more
than 20% in the puncture force when the vein was punctured.
This is similar to the perception and feedback mechanisms
in manual venipuncture. In in vivo experiments, automated
puncture experiments of rabbit ear veins with a success
rate of approximately 90% showed the utility of the robotic
humanoid venipuncture method for effectively controlling
the entry of the needle into the vessel. These results suggest
that the proposed method is practical and helpful for improv-
ing the performances of venipuncture robots.

There are still some limitations. On the one hand, ves-
sel deformations, movements, and rolling due to forces
during venipuncture are not considered, which also makes
the failed venipuncture. On the other hand, the model is
not quantified and focuses on the sudden drop, not specific
values. The future work mainly focuses on improving the
biomechanical model considering the effect of tissue defor-
mation on venipuncture. Also, a predictive model based on
the quantified biomechanical model and deep learning will
be constructed to feed forward the state of venipuncture fur-
ther to improve the success rate of the venipuncture robot.
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