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1 Introduction

Design of a Patient-Specific
Needle Insertion Device for
Accurate and Safe Lumbar
Puncture

Robotic-assisted lumbar puncture (LP) has demonstrated significant advantages over
manual procedures in terms of accuracy and repeatability, with robotic-assisted needle
insertion devices (RNIDs) serving as the core component for accurate needle placement.
However, current RNIDs still encounter critical limitations in needle tip deflection and
complex construction. The patient-specific design, based on preoperative imaging and
tissue mechanical properties, may potentially improve the aforementioned issues. This
article proposes a one-degree-of-freedom (1-DOF) patient-specific RNID to enhance the
insertion accuracy. The 1-DOF motion coupling both insertion and rotation is achieved
through a replaceable helical-type inner liner bush (RHILB), which functions as the
RNID’s core transmission component. The RHILB features a patient-specific insertion-rota-
tion ratio (IRR) determined from preoperative X-ray imaging. Utilizing three-dimensional
(3D) printing technology, these customized RHILBs can be rapidly manufactured and seam-
lessly integrated into the RNID via a plug-and-play interface, enabling quick replacement
for different patients. The preliminary experiments are conducted first to demonstrate the
optimal IRRs for different materials. The kinematic model of the core component, i.e., the
RHILB, is established. A fifth-order transition curve equation is formulated to eliminate
impacts on velocity and acceleration during insertion. Prototype experiments are conducted
to evaluate the insertion accuracy and patient-specific issues. Comparative results show
that the variable-IRR design reduces mean needle tip deflection by 27.73% (p < 0.05)
and 62.40% (p < 0.001) than the constant IRR design. [DOI: 10.1115/1.4069673]

Keywords: biomedical devices, mechanism synthesis and analysis, mechanisms and robots

space (5-17 mm width) [2]. Conventional LP procedure employs

Lumbar puncture (LP) is a critical diagnostic and therapeutic pro-
cedure that uses a fine flexible needle to access the spinal canal [1].
This procedure requires millimeter accuracy in needle placement to
precisely position the needle tip within the constrained epidural
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a landmark-based blind insertion technique, where clinicians rely
primarily on subjective tactile feedback from the needle base to
assess the depth of insertion. This approach demonstrates limited
tactile discrimination ability between different tissue layers [3,4].
Compared with manual operation, the advancements in robotic-
assisted needle-based intervention evolve LP procedures mainly
through a robotic-assisted needle insertion device (RNID), demon-
strating three principal advantages in needle maneuverability,
needle insertion accuracy, and repeatability [5-7].

Generally, RNIDs have two degrees-of-freedom (DOFs) in
motion: a translational DOF for insertion and a rotational DOF
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for angular adjustment. Generally, the rotational DOF is arranged in
series behind the translational DOF, with each DOF driven and
controlled by a dedicated motor module [8,9]. The operational
workflow of RNIDs generally involves three phases: (1) the preop-
erative phase that involves processing computed tomography (CT)
images to construct a model of the target lesion and plan the inser-
tion trajectory; (2) the needle adjustment phase that modifies the
needle configuration according to the preoperative CT images;
and (3) the needle insertion phase that performs automatic guidance
for needle placement [8,9]. Ehrampoosh proposed an RNID for
minimally invasive surgery, and its end effector drives a curved
needle along a precomputed trajectory. During the insertion
process, a proximal force sensor mounted on the robot measures
the forces of needle—tissue interaction. When integrated with real-
time data on rotational speed and position feedback, this informa-
tion enables precise adaptive correction of the needle tip’s actual
position. Mechanical latch mechanisms ensure that the needle is
securely locked in position at the beginning of the insertion cycle
and is safely released upon completion [10]. In Lu’s work, a
probe with concentric electrodes collects signals first during punc-
ture and converts them into spectral data. The main computer pro-
cesses these data in real time to identify tissue types (e.g., skin,
adipose, ligament, and cerebrospinal fluid). Based on this identifica-
tion, a single DOF stepper motor drives the needle to achieve
precise positioning within a translation distance of less than 2 mm
[11]. In Xuan’s work, a scanning path is first planned, acquired
2D spinal ultrasound images, and reconstructed into a three-
dimensional (3D) model using optical tracker data. The transverse
processes are first identified to locate the vertebrae, followed by
the designation of puncture points by surgeons. Subsequently, the
system calculates the kinematics of the robotic arm to align the
needle with the planned trajectory, adjusts the puncture cannula
for precise angular positioning, and inserts the needle through the
cannula using a distal mechanism [12]. However, existing RNIDs
face critical limitations: most rely on at least two motor modules
for their two DOFs, resulting in bulky designs that hinder maneu-
verability, and they lack patient-specific customization for needle
insertion, making generic RNIDs ill-suited for complex or atypical
cases.

Despite the advantages of RNID, the needle is prone to bend
during insertion, significantly reducing the accuracy of the puncture
[13-15]. To address the issue of bending and deviation in the
beveled needle, researchers have conducted extensive studies and
innovations, such as optimizing puncture angles [16], developing
more stable assistive devices or robots [17], and investigating punc-
ture path planning and guidance techniques [8,18,19]. Other
researchers, inspired by the parasitic wasp ovipositors, have devel-
oped self-propelling needles [20]. Compared with the direct push
method, the self-propelling needle can effectively reduce tissue dis-
placement and strain, thereby minimizing tissue damage during the
needle insertion process [21]. This technique has been applied in
multiple fields, such as prostate puncture [22]. However, this inno-
vation was not explicitly used to reduce the tip deflection, and the
mechanical structure was relatively complex. Recent studies have
shown that rotational needle insertion can effectively reduce devia-
tion and improve insertion accuracy [23-25]. According to the pat-
terns and functions of rotation, it is classified into two
subcategories: (1) intermittent rotation, namely, the rotation is inter-
mittent during insertion to change the steering direction; and (2)
duty-cycled rotation, namely, the rotation motion is periodic with
duty cycles. For intermittent rotation, it will cause a large
out-of-plane error when performing a unidirectional, large-angled
rotation. To reduce the error, it is necessary to model the torsional
dynamics and design a controller for error compensation [26]. For
duty-cycled rotation, the trajectory of the insertion path is helical
[27]. That can in real-time modify the steering path when inserted
into tissue. However, existing studies have not fully explored the
adaptability of rotational needle insertion in puncturing different
tissue layers. This may lead to an increase in the needle deflection.
Therefore, this article hypothesizes that there exists an optimal
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insertion-rotation ratio (IRR) for puncturing different tissue layers
that minimize needle deflection.

In summary, current RNID technologies still exhibit the follow-
ing limitations: (1) conventional RNIDs are usually driven by two
motor modules, leading to a large form factor and poor maneuver-
ability; (2) generic RNID lacks patient-specific customization for
needle insertion, making it ill-suited for complex or atypical
cases; (3) existing studies have not fully explored the influence of
different IRRs on needle deflection when puncturing different
tissue layers.

This study designs a series of experiments to investigate the
adaptability of rotational needle insertion in puncturing different
tissue layers with different biomechanical properties. The experi-
ments find that each tissue layer has an optimal IRR value. This
optimal IRR achieves the smallest deflection at the same insertion
depth. Based on this finding, this study proposes a variable-IRR
rotational needle insertion mechanism, which is designed for multi-
layer tissue puncture. This mechanism combines 3D printing tech-
nology. Through mechanical design, it can dynamically adjust the
IRR parameter during insertion. This approach simplifies the
DOFs of the drive mechanism and effectively improves the inser-
tion accuracy for multilayer tissues.

To this end, this article proposes a 1-DOF RNID with a replace-
able helical-type inner liner bush (RHILB), which is patient-specific
to reduce needle deflection during insertion. Figure 1 shows the
application of RNID (using the RHILB) in lumbar puncture surger-
ies. The RHILB is the key component that converts a simple motor
rotation into the necessary insertion-rotation-coupled motion for the
needle. The proposed RHILB is installed within the device to
perform this critical motion conversion. Furthermore, the RHILB
is designed to be replaceable, allowing IRR to be adjusted for dif-
ferent tissues. To realize the patient-specific purpose, the geometric
parameters of the RHILB are determined by the specific CT data.
Moreover, to eliminate rigid and soft impacts, a transition curve
is used to optimize the RHILB. Lastly, the proposed RHILB is
3D printed and replaceable by a simple plug-and-play operation.
The key contributions are as follows.

e Demonstrating that tissues with different mechanical proper-
ties correspond to different optimal IRRs.

e Designing an insertion-rotation-coupled 1-DOF RNID charac-
terized by a RHILB. The RHILB is designed according to the
patient-specific preoperative CT, easily fabricated by 3D print-
ing, and rapidly replaced through a plug-and-play pattern.

e Introducing a transition curve model to RHILB, which could
smoothly change the IRRs during insertion, avoiding rigid
and soft impacts.

The remainder of this article is organized as follows. Section 2
focuses on validating the experimental theoretical basis and present-
ing key research hypotheses; Sec. 3 describes device design and
working principle; Sec. 4 is a mathematical derivation of transition
curves; Sec. 5 confirms that RHILB can increase puncture accuracy,
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Fig. 1 Schematic diagram of the application of RNID (using
RHILB) in the lumbar puncture surgery

Transactions of the ASME



and the actual motion curve of the needle is strongly correlated with
the theoretical curve; Secs. 6 and 7 provide discussions and conclu-
sions of limitations and potential future research directions.

2 Validation of Optimal Insertion and Rotation Ratio

In this section, preliminary experiments are performed to validate
the hypothesis proposed in this article: there are different optimal
IRRs for different kinds of tissues.

2.1 Experiment Setup and Parameters Determination. The
experimental platform is shown in Fig. 2. Two independently con-
trolled motors were used to generate the rotational and translational
motions of a common RNID, allowing precise regulation of the
IRR. The needle and force sensor were rigidly secured within the
needle protector, which was connected to motor A via a coupling.
Motor A itself was fixed on a lead screw-driven motion platform
that was driven by motor B to achieve the transmission of
motion. Two materials are selected as puncture targets: material
A (LDX/V6, Blue Butterfly Medical Model Co., Ltd, China) with
a similar mechanical property of the skin and material B (soft sili-
cone, Guoyuan Technology Co., Ltd, China) with a similar mechan-
ical property of adipose tissue. Taking material B as an example:
during silicone preparation, we formulated it to standard softness
with a Shore C hardness of approximately 5-10C. Given that
Young’s modulus of human adipose tissue ranges between 5 and
50 kPa—equivalent to approximately 3-8 C on the Shore C scale
—material B exhibits comparable mechanical properties to
adipose tissue. Thus, we employed material B to simulate human
adipose tissue in needle puncture experiments. Based on the same
principle, material A is selected to simulate human skin.

When measuring the experimental results, we used an optical
image measuring instrument (3D-family-VMS250, Greatest Idea
Strategy Co., Ltd, China) to measure deflection.

To ensure coaxial alignment during the needle puncture proce-
dure and positional precision of the insertion point, two fixtures
were designed: a needle guide fixture for trajectory stabilization
and an insertion template with designated needle entry ports. The
fixtures and protector were made by 3D printing (Future
P8200pro resin, WeNext Technology Co., Ltd, China). To
measure insertion force, a flexible piezoresistive force sensor
(SBT674, SIMBATOUCH Co., Ltd, China) was incorporated into
the base of the needle. A sample test paper was placed at the end
of the puncture material to capture the puncture exit point, allowing
quantitative measurement of needle deflection.

2.2 Influence on Needle Deflection. During the experiments,
the puncture depth is set at 40mm for both materials. The

el

preliminary IRR of materials A and B was set to a range of 2-40
mm/r (sampling interval: 2mm/r), and a nonrotational control
group was established.

The pulse transmitter (CL-01A Single-Axis Intelligent Control-
was configured to achieve the desired IRR. For each ratio, an
empty puncture (without material) and four material-filled punc-
tures were performed, then we obtained the puncture result that
one empty puncture point and four material-filled puncture points
were performed on the sample test paper, as shown in Fig. 2(a).
The data on the deflection distance were collected from the paper
with an empty and four material-filled punctures. Upon completion
of preliminary experiments and data, two optimal ranges of IRR
were identified for materials A and B. Subsequently, a second
refined experiment was performed with a sampling range of
10 mm/r and an interval of 0.5 mm/r, performing the same steps
as in the previous experiment. This refinement process yielded
experimental results with improved precision. The procedure was
repeated for both materials in all ratios. The entire image of the
working principle is illustrated in Fig. 2(b).

2.3 Results and Analysis. The puncture deflection for each
experimental group was measured using an optical influence mea-
surement instrument model VMS250. To improve the precision
of the results, the largest outlier among the four deflection measure-
ments in each group was discarded, and the remaining data were
averaged to obtain the mean deflection value. The processed data
from the first experiment were plotted as composite line graphs
with IRR (mm/r) on the x-axis and the deflective distance (mm)
on the y-axis, as shown in Figs. 3(a) and 3(b).

As illustrated in Figs. 3(a) and 3(b), the average puncture deflec-
tion for material A in the IRR range 10-20 mm/r was approximately
52% lower than that of nonrotational punctures, 12% lower than the
range of 0—10 mm/r, 53% lower than the range of 20-30 mm/r, and
58% lower than the range of 30-40 mm/r. These results indicate that
the optimal IRR for material A is within the 10-20 mm/r range.
Similarly, material B exhibited an optimal IRR range of 20-30
mm/r. Based on these findings, a second refined experiment was
conducted to achieve higher precision. Following the same method-
ology, data from the second experiment were processed and plotted
as composite line graphs, as shown in Fig. 3(c) and 3(d). These
results revealed that the minimal deflection for material A occurred
at the IRR of 12 mm/r (deflection: 0.75 mm), while material B dem-
onstrated its minimal deflection at the IRR of 26 mm/r (deflection:
0.50 mm).

Through the above experiments, it was determined that under
identical puncture conditions and depth, material A exhibited an
optimal IRR of 12mm/r, while material B demonstrated an
optimal IRR of 26 mm/r. These findings conclusively validate the
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B chart of the relationship between deflection and IRR.

hypothesis that there are different optimal IRRs for different punc-
ture materials.

3 Device Design and Working Principle

Our preliminary experiments have demonstrated that there are
distinct optimal IRRs for different tissues. To adapt the IRR as
the needle punctures each tissue layer, the RHILB was designed
to drive the needle to finish the coupled motion of insertion and
rotation. The pitches of RHILB vary continuously, and each pitch
height is confirmed by the tissue thickness distribution obtained pre-
operatively, ensuring that the optimal IRR of the currently punc-
tured tissue was applied to the tissue being punctured.

Figure 4 illustrates our flexible needle puncture mechanism con-
sidering insertion and rotation coupling. In this design, the RHILB
is detachably mounted to the mechanism shell. The needle is
secured to the lower needle holder. The RHILB is coaxially
aligned with the needle axis, ensuring motion stability and accuracy
of positioning. An extension arm integrated in the lower needle
holder engages with the groove via sliding contact.

Moreover, the rotational DOFs of the upper needle holder are
mechanically restricted by the cover plate. The force sensor is
rigidly coupled to the upper needle holder, thereby eliminating rota-
tional displacement of the sensor and effectively preventing cable
entanglement issues. The force sensor is interfaced with the proxi-
mal end of the puncture needle, enabling the real-time quantification
of the axial insertion forces.

121002-4 / Vol. 17, DECEMBER 2025

Figure 5 illustrates the whole flowchart of the working princi-
ple. In our preconfigured LP procedure, the thickness of distinct
tissue layers of the patient’s lumbar region needs to be deter-
mined by undergoing an X-ray scan first, such as skin, adipose
tissue, muscle, dura mater, etc. During the LP procedure, the
needle punctures multiple layers of tissue. So, the RHILB was
established which enables on-demand customization via 3D print-
ing technology, customized to the patient-specific distribution of
the tissue layers. The RHILB was then mounted to the mecha-
nism shell.

When the motor drives the transmission gears to transmit power
to the vertical inner sleeve, the vertical inner liner sleeve drives the
rotation of the extension arm on the needle holder by means of its
longitudinal slot. During this time, the extension arm slides along
the spiral groove, inducing simultaneous rotational and linear
motion of the puncture needle. Through this kinematic coupling,
the IRR of the needle is accurately regulated by RHILB. The tran-
sition curve modulates IRR by altering the pitch of the screw.

4 Kinematic Modeling and Performance Analysis

4.1 Kinematic Modeling. When the proposed device driven
by a single motor operates at the connection point between
helices with different pitches, an abrupt change in pitch inevitably
induces mechanical impacts, causing sudden variations in velocity
and acceleration along the insertion direction. The variations
severely affect the longevity of the mechanism and insertion

Transactions of the ASME



Cover plate
B Mechanism shell

Replaceable helical-type inner
liner bush (RHILB)

M Needle

Bl

pR

L LI

1

1

1

1

1

1

1

1

1

I

1

:

i . . .
! Vertical inner liner sleeve
1
: Il Motor
1
1
1
1
1
1
1
1
1
1
]
1
1
1
1

Small deep groove ball bearing

I Big deep groove ball bearing

L

Upper needle holder
B Lower needle holder
Needle roller thrust bearing

R E NN

i M Transmission gears

1
! [] Force sensor

Fig. 4 Mechanical structure display: (a) Structure of the main transmission components and
(b) the inner structure of the needle holder

X-ray scan of
lumbar tissue

Fixed in Connected Extension
L‘the mechanism shell with gear —

e 7 (f)
)

—— Explanation of operation
mmp Main procedural steps

—p Component assembly operation
=) |Viotion-energy transfer

Fig. 5 Working principle display. (a) The image of distinct tissue layers of the patient’s lumbar
region obtained by X-ray. (b) The RHILB and the vertical inner liner sleeve were fabricated by 3D
printing. (c) The assembly fit of the extension arm with RHILB and the vertical inner liner sleeve.
(d) The combination of the RHILB and the mechanism shell. (e) The combination of the vertical
inner liner sleeve and the RHILB. (f) The complete mechanism motion transmission process: the
motor drives the vertical inner liner sleeve to generate rotational motion through the gear set,
then the vertical inner liner sleeve transmits this rotational movement to the needle holder by
carrying its extension arms, and the needle holder accomplishes a combined rotational and
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precision. A sudden pitch change would lead to an instantaneous
change in needle insertion speed, thus causing needle vibration.
The vibration would increase the shear force to the soft tissue,
increasing the needle deflection and causing worse damage to
tissues. Inside the mechanical structure, the abrasion of the screw
fitting parts would be aggravated due to the instantaneous impact.
We designed a model to smoothly connect the helices of different

Journal of Mechanisms and Robotics

pitches by a fifth-order polynomial function curve. The core goal
of the design is to eliminate mechanical impacts due to sudden
acceleration changes, ensuring continuity of velocity and accelera-
tion during punctures, thus improving device life and positioning
accuracy. To avoid the problem, a transition helical curve is
designed to smoothly connect helices of different pitches. The deri-
vation of the transition curve is described as follows.

DECEMBER 2025, Vol. 17 / 121002-5



When the helical transmission mechanism is operated, there is a
functional relationship between the depth of the feed and the angle
of rotation along the helix. Therefore, we model the curve in the
cylindrical coordinate system (R, y, Z):

e The positive direction of Z-axis is defined as the insertion feed
direction;

e y is defined as the counterclockwise rotation angle around
Z-axis (assuming helical direction is counterclockwise);

e R is defined as the radius of the helix projected onto the plane
perpendicular to Z-axis.

The helical transition curve is expressed as a polynomial func-
tion:
Z=F)=ao+ay+ay’ +azy’ + - +ay" (1)

where aq to a, are coefficients determined by the boundary condi-
tions mentioned in the next part.
The function of feed velocity along the Z-axis is

dF
== 2
v(y) r 2
dy dy —1dy
= — 4+ 2 — .+ » n PR,
War T g A 3
d
=%(a1 +2ay + - - - +nan1//"_1)

The mechanism is driven by a single motor with a fixed angular
velocity of w, namely dy/dt = w is a constant.
The function of feed acceleration along the Z-axis is

dv
= 4
a(y) 7 )
v dy 2 dy
=—(2a»—+ --- - Da, n-24¥
a ( ap 7 +---+nn-Day 7
= a)2(202 =+ 66131// + .4 n(n _ 1)anll/n_2) (5)

In the case of insertion into two-layer tissue (tissue 1 and tissue 2)
with different optimal IRRs, k; (mm/r) for tissue 1 and k, (mm/r) for
tissue 2, the transition curve functions must satisfy the specific
boundary conditions, which are expressed as the following equa-
tions:

F0) = 2z

v(0) = wa =“£—]7‘[1

a(0) = w*2a, =0

FO) = ay+a@+ab*+- - +a,0 =h+z
vi@) = a)(a1 +2a0+ -+ na,ﬂ"_]) = %
al@) = @*(2a+---+n(n—Da,0">)=0

where £ is the height in the Z-axis direction of the transition curve
and @ is the angle around the Z-axis of the transition curve, both pre-
viously given by the designer.

According to the boundary conditions, only the six equations
below can be derived, so the nth-order polynomial of the transition
curve is simplified to a fifth-order polynomial, and the higher order
term is ignored:

F) =2z initial position
k
w0) =2 initial velocity
2r
a(0)=0 initial acceleration
FO)=h+z final position
k:
w(l) = o final velocity
2
a@ =0 final acceleration

121002-6 / Vol. 17, DECEMBER 2025

The coefficients are solved as

ap =20
al_Zit
10h 1
ay = — +—(-3k; — 2k
2= ﬂez( 1 2) ©)
15h 1 7
ags=——F5+— |4k +=k
4 04 ”93( 1 5 2)
6h 1 (3 3
GS—E—”?(EICI-FEIQ)
The final helical transition curve function is
ky 10 1 3
Fy)=20+—w+|—+— -3k —2k g
W) =2 g |:93 ﬂ62( 1 2)]1//
15h 1 7
+ =+ — 4k + <k 4
[ o' n93( ‘T2 2)]“’
6h 1 (3 3 5
+[E—ﬂ?(§k1+§k2>i|y/ (@)

The velocity and acceleration functions in the Z-axis direction are

_k 10h 1 2
v(y) = 2ﬂa)+ [ 7 + 71'92( 3k Zkz):|3l// 0]

15h 1 7
———t— | 4k + =k ) |4y
+|: 94+7r03( 1+22):|1//a)

6h 1 (3 3 A
+ [efs—ﬁ (Ekl +§k2>i|51// 0] 8)
and
10h 1
2
15 1 7 5
6h 1 (3 3
200 = —— =k +=k 3
i [05 ne4<2 '*2 2)]"’} ©

Thus, the kinematic equations for the transition helical curve
have been established in the cylindrical coordinate system.

4.2 Performance Analysis. Based on the parameters obtained
in Secs. 2 and 3, we precisely calculate the fifth-order polynomial of
the transition curve using the aforementioned equations. Thus, the
specific shape of the helical part of the RHILB was determined
and subsequently applied in the experiments described in Sec. 5.
The specific parameters can be found in Table 1.

The value of & has a significant influence on the transition perfor-
mance of the feed velocity and acceleration in the Z-axis direction.
We analyzed the performance of the curves with different 4 and the
results are shown in Fig. 6, demonstrating the best performance cor-
responding to & =5 mm.

Table 1 Parameters determined by experimental conditions
Number Parameter Description
1 ki =12 mm Pitch 1
2 kr, =26 mm Pitch 2
3 w=04xrads™ Angular velocity
4 6=0.5zrad Transition angle
5 zo =0mm Initial Z-axis position
6 R =34mm Helix radius
7 h=5mm Z-axis length of curve

Transactions of the ASME
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Fig. 6 The figure illustrates the curves (when h differs) of the insertion velocity, acceleration, and jerk along the Z-axis as
the angle of rotation changes when the mechanism runs along the transition curve at a constant angular velocity. (a) Tran-
sition velocity curves. (b) Transition acceleration curves. (c) Transition jerk curves. (d) The illustration of the helical transi-
tion curve. When h = 5mm, the velocity curve fluctuates the least, demonstrating that it can implement the smoothest
velocity transition between the velocities determined by two helices. Also, the acceleration has minimal fluctuations and
is always non-negative. It demonstrates that under this condition, the movement process is most stable, and the velocity
increases monotonically. The jerk curve corresponding to h = 5 mm presents the smoothest trend with only one zero, indi-
cating that the average slope and peak value of the acceleration curve are both minimum. The modeled helical transition
curve with a height of 5 mm smoothly connecting the helices with pitches of 12 mm/r and 26 mm/r is drawn in a coordinate

system.

5 Experimental Evaluation

The present study was designed to achieve two primary objec-
tives: to investigate the impact of RHILB on accuracy and to
show that the actual motion curve of the needle strongly correlates
with the theoretical curve.

5.1 Experimental Setup. Based on the characteristic differ-
ences between material A and material B (12 mm/r for material A
and 26 mm/r for material B), three types of RHILBs were designed
and fabricated: RHILB I featured a variable-pitch configuration
with a transition curve, where the upper section (L =30mm)
adopted a spiral structure with a pitch value of 12 mm/r, while the
lower section (L =25mm) was adjusted to a pitch of 26 mm/r;
RHILB II was a uniform-pitch structure (P =12mm/r); and
RHILB III was a uniform-pitch structure (P =26 mm/r). All
RHILBs were fabricated using stereolithography additive manufac-
turing technology with Futura 8200Pro resin, achieving dimen-
sional accuracy within +0.1 mm.

To systematically investigate the synergistic effects of material
properties and spiral structure, three targeted material configura-
tions were established: group I comprised a composite layered
structure (total thickness: 6 cm) with a 3 cm surface layer of material

Journal of Mechanisms and Robotics

A and a 3 cm base layer of material B; group II was a homogeneous
structure of material A (thickness is 6 cm); and group III was a
homogeneous structure of material B (thickness is 6 cm). A full fac-
torial experimental design was implemented, resulting in nine test
conditions (3 RHILBs X 3 target material configurations). Each
condition was repeated for eight valid puncture distances to
ensure statistical significance.

The puncture testing platform comprised the proposed RNID, a
force sensor (SBT674, SIMBATOUCH Co., Ltd, Guangzhou,
China), and a digital oscilloscope (RIGOL DS1104, RIGOL TECH-
NOLOGIES Co., Ltd, Beijing, China). The puncture needle (dis-
posable nerve blocking needle, Jiangsu Huaxing Medical
Equipment Industry Co., Ltd, Yangzhou, China) was accurately
controlled by a motor driver (DM420, Yixuan Yun Kong Technol-
ogy Co., Ltd, Beijing, China) and pulse transmitter (CL-01A single-
axis intelligent controller, Beijing Haijiejiachuang Techology Co.,
Ltd, Beijing, China). The needle maintained a constant angular
velocity of 12rpm (period: 5s/r). The deflection of the needle tip
was quantified using the methodology described in Sec. 2.

The dynamic displacement of the needle was guided by the tran-
sition curve and characterized using a laser displacement sensor
(HG-C1030, Panasonic, Ltd, Japan). As shown in Fig. 7, the check-
ing point was set in the upper needle holder, because it was rigidly
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Laser displacement sensor

Upper needle holder ——

point

Fig. 7 The dynamic displacement of the needle through the transition curve is captured by
laser rangefinder: (a) setting of the displacement capture experimental platform and (b) a
close-up of the checking point

connected with the needle in the vertical direction. The motion tra-
jectory data of the needle were acquired to systematically analyze
variations in kinematic parameters (velocity and acceleration). To
increase the visual effect, the constant angular velocity was set to
24rpm (period: 2.5s/r) and the sampling interval of 80us was
applied.

5.2 Results and Analysis

5.2.1 Effects of Deflection. During the experiment, we found
that if we collected eight distances (nine puncture points) with one
test paper, it would cause the puncture points to overlap, which
was not conducive to further measurement. So the team decided to
adopt a 5 + 3 data collection method, that is, using two test papers
to measure 5 and 3 data points, respectively. Figure 8 shows the
test papers of five data. The comparative analysis of the needle tip
deflection distribution is shown in Fig. 9(a), and quantitative statis-
tical results are shown in Table 2. The results revealed that the bush
with variable-pitch configuration (RHILB I) demonstrated superior
trajectory control performance during the multilayer composite
puncture. The average needle tip deflection for RHILB I was
0.933 mm, representing a reduction of 27.73% (p < 0.05) compared
to the uniform-pitch structure (RHILB II, P = 12; 1.291 mm) and a
62.4% decrease (p < 0.001) relative to the uniform-pitch structure
(RHILB III, P = 26; 2.476 mm). This phenomenon can be attributed
to the variable-pitch configuration, which effectively accommodates
the IRR differences between material A and material B, and

RHILB II

RHILB IIT

Composite

Material A

Material B

Fig. 8 Observation results of optical measuring instruments in
different groups. The arrows point to the empty puncture point
(the theoretical target point), and the others are material-filled
puncture points. The line segments represent the scale. The
circles are the pinhole fitting circles.
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effectively reduces the deflection caused by the oblique force on
the needle in different materials.

In puncture tests with homogeneous material A, RHILB II
(P =12mm/r) demonstrated optimal trajectory stability, with an
average deflection of 0.734 mm. Interestingly, in experiments
using homogeneous material B, although theoretical models pre-
dicted that RHILB III (P =26 mm/r) should exhibit optimal com-
patibility, experimental data revealed that RHILB I achieved a
lower deflection (1.265 mm), representing a 4.38% reduction com-
pared to RHILB III (1.323 mm). Further analysis of the IRR curve
of material B revealed that the deflection differences were relatively
small at P =12 mm/r and P =26 mm/r, which may originate from
the nonlinear variation characteristics of the IRR curve. Material
B exhibited substantially higher viscoelasticity than material
A. This intrinsic property amplified minor experimental variations
into significant IRR deviations during repetitive testing. This has
led to its manifestation of nonlinear characteristics.

This study systematically validated the nonlinear coupling mech-
anisms between spiral parameters and material properties through
full-factorial experimental investigations. The results demonstrated
that the variable-pitch bush (RHILB I) achieves an improvement of
27.73-62.40% in multimaterial puncture accuracy.

5.2.2  Effects of Needle Kinematics. Experimental results were
collected through a dynamic capture system of the features of the
needle, resulting in a valid sample size of N = 8667. A fifth-order
polynomial regression model was utilized to fit the displacement—
angle relationship, achieving a coefficient of determination (R?)
of 0.993 and a root mean square error (RMSE) of 0.0723. As illus-
trated in Fig. 9(b), the fitted curve exhibited significant consistency
with the theoretical model derived in Sec. 4 during the primary
motion phases (Pearson correlation coefficient r = 0.9991).

Subsequently, the kinematic parameters were calculated using
numerical differentiation: first- and second-order derivatives of
the displacement—angle function s(y) yielded velocity v(y) and
acceleration a(y) (Figs. 9(c) and 9(d)). Quantitative analysis
revealed a near-perfect alignment between the experimental and
theoretical velocity curves (Pearson correlation coefficient
r=0.99970), while the acceleration profiles showed strong correla-
tion (r=0.99691). These results indicate that the deflection
between the observed needle kinematics and the theoretical
design parameters remain within engineering tolerance thresholds,
validating the reliability of the proposed dynamic model.

6 Discussions

This article proposes a patient-specific RNID with 1-DOF. The
1-DOF motion is coupled with both insertion and rotation to
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Table 2 Statistics for tip deflection quantification

Deflection (mm)

RHILB I RHILB II RHILB III
Composite 0.933 1.291 2.476
Material A 1.634 0.734 2.132
Material B 1.265 1.578 1.323

reduce the needle deflection. A RHILB can achieve dynamic adap-
tation for the mechanical properties of the multilayered tissues.
Introducing a transition curve model to facilitate the smooth con-
nection of spiral modules with varying pitches. The curve ensures
speed continuity and no mechanical impact.

6.1 Clinical Adaptability. In this article, the RNID adopts an
RHILB, and a customized puncture system can be generated
according to the patient’s condition by combining with 3D printing
technology. This is applicable to not only the vast majority of
patients but also greatly reduces the additional costs caused by
the mismatch between the puncture system and the patients.
Then, the puncture system is driven by a single motor. Compared
with the multimotor coupling drive of other puncture systems, it
has the advantages of a smaller size and simpler operation.

6.2 Mechanical Analysis of Insertion-Rotation Ratio. When
the IRR is too small, the fine flexible needle experiences a reaction
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force perpendicular to its bevel during insertion. Due to slow rota-
tion, cumulative microdeflections are induced by this force concen-
trated in one direction, causing bending deformation of the needle.
When the IRR is too large, significant circumferential deformation
occurs in the flexible needle due to excessive friction torque from
the surrounding tissue. This results in substantial misalignment
between the needle tip and the needle hub, leading to large errors.
Consequently, for a given material and our fine flexible needle,
there must exist an optimal IRR between excessively small and
large values.

6.3 Limitations

6.3.1 Error in Repeated Insertions. Due to tissue heterogene-
ity, repeated insertions lead to relatively large errors, resulting in
imprecise experimental results of the optimal IRR. Although exper-
iments have verified that using the optimal IRR can reduce errors,
exceptional cases still exist. As shown in Table 2, although theoret-
ical models predicted that RHILB III (P =26 mm/r) should exhibit
optimal compatibility, experimental data revealed that RHILB I
achieved a lower deflection (1.265mm), representing a 4.38%
reduction compared to RHILB III (1.323 mm).

6.3.2 Material Limitation. Although we have verified that dif-
ferent tissues have optimal IRRs for minimal deflection, all experi-
ments were carried out in silicone simulation models. New
challenges may arise when translating these findings into human
tissues, where optimal IRRs remain unknown.
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6.4 Challenges. Human tissues such as skin, fat, and ligaments
show nonlinear viscoelastic, anisotropic, and unique dynamic
characteristics, which could not be provided by silicone materials
used in our experiments. This would lead to the possibility that
the best IRR obtained from the static model may not be applicable
to live tissue. In addition, the geometry data provided by CT/
X-ray before the procedure cannot quantify the real-time mechanical
properties, and the real-time force feedback signal may need to be
integrated with Al in the future to dynamically adjust the needle
insertion process. What is more, patient-specific RHILB 3D printing
adds preoperative time (minutes—hours), which is impractical for
emergency procedures. Custom RHILB per patient may be prohib-
itively expensive compared to conventional needles, limiting
adoption.

7 Conclusions

Robotic-assisted LP has been explored in recent years, and spiral
drive-based RNID has received considerable critical attention.
Exploring the optimal IRRs for different materials can assist in
designing the corresponding spiral of the pitch and inserting it to
achieve the minimum deflection of the needle tip. In this work,
we have verified that RNID based on variable IRRs leads to a
smaller deflection than the ones with constant IRR in a two-layer
phantom. Furthermore, the kinematic model of the spiral transition
curve is derived to avoid sharp changes in speed or acceleration
during insertion.

In our future work, there are several directions that we need to
continue to study in depth. First, it is necessary to determine
whether rotation will aggravate the problems of surgical trauma
and pain, and formulate relief strategies. Second, conduct mechan-
ical modeling of the material and give a reasonable explanation for
the nonlinear characteristics of material B.
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Nomenclature
Abbreviations

3D = three-dimensional
CT = computed tomography
DOF = degree-of-freedom
IRR = insertion-rotation ratio
LP = lumbar puncture
RNID = robotic-assisted needle insertion device
RHILB = replaceable helical-type inner liner bush
RMSE = root mean square error
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