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Abstract

Efficient and safe access to targeted therapeutic sites is a universal challenge in minimally
invasive medical intervention. Percutaneous and transluminal needle insertion is often performed
blindly and requires significant user skill and experience to avoid complications associated with
the damage of underlying tissues or organs. Here, we report on the advancement of a safer needle
with a radial mechanical clutch, which is designed to prevent overshoot injuries through the
automatic stopping of the needle once a target cavity is reached. The stylet-mounted clutch system
is inexpensive to manufacture and compatible with standard hypodermic or endoscopic needles,
and therefore can be adapted to achieve safe access in a myriad of minimally invasive procedures,
including targeted drug delivery, at-home and in-hospital intravenous access, laparoscopic and
endo- and trans-luminal interventions. Here, we demonstrate the clutch needle design optimization

and illustrate its potential for rapid and safe minimally invasive cannulation.

Introduction

Percutaneous access is the hallmark of minimally invasive intervention, with most
procedures starting with hypodermic needle insertion, with or without image guidance. There are a
vast number of procedures requiring percutaneous needle insertion, such as biopsies [1] and
brachytherapy [2], epidural [3] and regional anesthesia [4] administration, vascular access [5]
(including hemodialysis [6] and blood sampling [7]), intra-articular injection [8], and laparoscopy
[9] that still rely on a high-degree of user skill. In laparoscopic access, common to many
minimally-invasive surgical interventions, major complications, such as perforation of larger
blood vessels or the bowel, are frequently associated with the initial phase of trocar insertion (rates
of 0.04% [10] - 0.18% [9] have been reported, but actual incidences may be much higher [11]). It
has been noted that 30%-50% of bowel injuries and 13%-50% of vascular injuries are not detected
during procedures, leading to high rates of morbidity and mortality.[12] The risks are so
significant that there has been a shift from what was the standard in closed laparoscopic access,
with the sub-optimal Veress needle, towards more invasive open techniques which involve blunt
tissue dissection.[13] However, a recent Cochrane report has found no evidence in reduction of

risks of these life-threatening visceral and vascular injuries when closed entry techniques were
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replaced by open approaches.[14] Similarly, internal tissue or compartment access in endoscopic
[15] or transluminal-based procedures (e.g. natural orifice transluminal endoscopic surgery) [16] is
often achieved through remotely deployed spring-loaded or direct insertion techniques that offer

poor haptic feedback and hence user-dependent performance.

Since its first use in the mid-19th century to treat neuralgia, [17], the hypodermic needle
has been the physician’s primary tool in performing minimally invasive interventions. While the
materials used and methods of manufacturing have been refined and new forms of assistive
imaging have been developed, the mode of cavity-targeting needle insertion has remained largely
the same; namely, the user inserts a needle until they sense a drop off in resistance (often in
combination with visualization) and use muscle memory to rapidly stop the needle and avoid
creating through-and-through puncture injuries. Intuitively, complication rates associated with
needle insertion are heavily influenced by the user’s experience and training [18]. Clinicians rely
heavily on anatomical locations and manual haptic feedback during placement, however target
visibility, target access and tool maneuverability are all key issues, constraining the precision and
accuracy of needle placement [19]. This can result in an increased risk of complications during a

healthcare practitioner’s learning curve or in emergency situations.

As summarized by van Gerwen et al. [20], needle insertion speeds can range dramatically,
from 0.4mm/s to 10mm/s in epidurals [21], with speeds ranging from 1 mm/s — 1,000mm/s at
different stages of needle insertion in brachytherapy [22]. Furthermore, maximum needle insertion
forces measured in vivo during brachytherapy procedures displayed high levels of variability (3.34
- 13.94N for 18Ga and 13.87 - 19.11N for 17Ga needles) [23]. It is therefore unsurprising that
conventional manual control of needle insertion can lead to highly variable results [24]. Several
research groups have tried to modify or improve the conventions of needle insertion through novel
mechanical mechanisms [25], modifying the Veress needle [26], multi-component actuation
inspired by burrowing mechanism of ovipositing wasps [27], or using robotic-assisted surgical
tools are expensive [28], however many of these approaches lack the simplicity and versatility to

facilitate widespread adoption.

Here, we describe the development of a radial clutch needle (clutch needle) for
percutaneous soft tissue access. The concept of a mechanical clutch was originally proposed by
Bassett et al. [29], where unlike conventional needle insertion, the user pushes a stylet inside a

serpentine-shaped needle that locks with and advances the needle in response to resistance at the
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distal tip of the device and disengages safely once a target cavity is reached. However, there were
a number of issues related to the original serpentine-shaped needle design that inhibited clinical
translation. The design suffered from (1) manufacturing scalability challenges in a highly cost-
competitive market, (2) the clutch deployment relied on a somewhat unpredictable buckling
mechanism which could result in plastic deformation of the stylet and repeatability issues, and (3)
aesthetically, the device’s large footprint was off-putting for users and patients. To facilitate
widespread adoption, a design is required that would be universally compatible with existing
hypodermic, endoscopic and laparoscopic techniques and cylindrically-shaped needles, possessing

a clutch mechanism that behaves elastically and repeatability.

Muscle contraction and elongation provide template examples of structures in nature,
which can store elastic energy to be released on demand. An example of such a muscle operating
within a cylindrical constraint of a skeleton, similar to the internal body of a needle, is the
chameleon’s tongue. Here, once triggered, the muscle is released from a constrained configuration
and frictionlessly elongates into a relaxed, axially-extended conformation. Throughout this process,
collagen fibers wound helically within this muscle extend axially, propelling the tongue forward.
Structurally, these helically wound fibers behave as biaxial braids and this conformation change is
analogous to braided medical devices that are designed to undergo conformation changes to
facilitate radial expansion after low profile delivery (e.g. stents [30]) or to grow axially (e.g.
pediatric devices [31]). Here, we propose a design inspired by this mechanism, creating an
elastically deformable radial clutch mounted to a stylet that engages with the inner wall of
standard needles when the stylet is compressed axially when registering a resistive force above a

specified threshold at the needle tip (Figure 1).
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Figure 1: Device Concept (a) An overview of the principle of placing the needle in a target site
using a radial clutch-based mechanism. (1) The mechanical clutch needle assembly comprises a
braid mounted to a blunt rounded-tip stylet to form the radial clutch and a standard double-
beveled needle. When the assembly in unloaded there is no friction between the stylet and the
needle; (2a) Once the needle tip is approximated against the tissue surface, only the stylet is
pushed. As the stylet is blunt it does not penetrate the tissue and thus axial force translates to
radial expansion of the braid until it creates a frictional interlock with the needle; (2b) Once
sufficient force has been transferred to the needle, the stylet and needle are coupled and advance
as one, (3) When a drop off in resistance occurs on entering the target cavity, the stylet-mounted
clutch disengages from the needle and only the blunt stylet continues to advance; (4) At this point
the stylet can be retract or a guidewire inserted prior to safe needle removal. (b) A representative
image of the braid-based radial clutch being deployed in a transparent tube for ease of
visualization. When axial compression is applied to stylet (1 -> 2), the initial braid angle p;

becomes more acute as the braid expands radial until the helical-wound wires come into contact
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with the needle body [,. When axial compression is released (3), [, returns to 3; and the stylet is

free to move without friction inside the needle body.

To demonstrate proof-of-principle, an industry standard low PPI (crossings or picks per
inch) flat-wire stainless steel biaxial braid was crimped to the mid-portion of a sectioned stylet
obtained from a dismantled Veress needle (Figure 2). The theoretical and bench-top performance

of the system are evaluated and optimized prior to testing prototype devices in simulated clinical

scenarios.
ed into clamping Elongation of braid & Annealing of Braid cut to length
fixture braid ends
& . \
(a) ' =
Crimper
(b)
Alignment
_fixture
Radial mechanical clutch stylet
(c)

Full device assembly

Figure 2: Device assembly (a) Braid preparation. A flat-wire stainless steel biaxial braid with a
low number of crossings per inch (~30 — 40 PPI) is rough cut to ~55mm length, to provide excess
material for a final target clutch length of 40.5mm. The braided wire segments are stretched in a
rig so that the ends can be annealed and cinched to prevent the wire unravelling and to aid
insertion into the stylet body. Annealing is performed locally using an open flame for ~ 10 seconds

until it glows red and the braid is cut to its final length at the annealed points’ (b) The braid is
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inserted at either end into two halves of a stylet from a disassembled Veress Needle. An alignment
fixture in combination with a hand crimping tool (DMC AFS8) is used to control the point of
crimping. Care is taken to ensure that the crimp location does not increase the profile of the stylet;
(c) The stylet is inserted into a matching standard double-bevel needle. Optionally, a Tuohy-Borst
adapter (which contains an adjustable hemostatic valve), can be adhered to the proximal end of
the needle and the valve tightened onto the needle to lock the relative position of the stylet and

needle until the mechanical clutch system is ready for use.

The mechanical behavior of biaxial braids on deformation is predictable and has been
previously modeled by Jedwab et al. to predict the performance of self-expanding stents, [32]
where each wire is modeled as an open-coiled helical spring as described by Wahl [33]. Here, we
adapt this model to illustrate how the sensitivity of the clutch engagement can be tailored to
coincide with a specific resistive force sensed at the distal end of the stylet and thus tailored to
different applications based on the resistance offered by the tissue (Figure 3(a)). Assuming
minimal frictional losses between the wires, this mathematical model effectively captures the
impact of varying the braid angle up to the point at which the inner diameter of the needle is
contacted. Due to complexity of the contact between the braid and the needle, their subsequent
interaction is examined experimentally. A custom set-up can be used to illustrate clutch sensitivity
experimentally (Figure 3(b)). Here, the stylet was inverted in the needle and fixed at its proximal
end to a stage, so that free hanging weights can be attached to the proximal end of the needle to
simulate different levels of tissue resistance. The needle was attached to a load cell which can
track the amount of force transmitted by the stylet-mounted clutches to the needle in response to
this static loading. As expected with gradually increasing PPI count (from 30 to 50 PPI), the clutch
sensitivity decreases, illustrating the tunability of the system. The most densely wound braid (50
PPI) does not undergo enough radial expansion to engage with the needle and would therefore be
an ineffective clutch. To demonstrate the elasticity and repeatability of the clutch engagement
mechanism, a similar dual-load cell set-up to that employed by Bassett et al. [29] is used (Figure
3(c)) to test an optimized device. In cyclic testing, the input force (Fj,) upon simulating pushing of
the stylet is compared to the output force (F,,) at the distal end of the stylet, with a clutch
designed to engage at tissue resistance forces above 1N. The plateau of the F,; at ~3-4N indicates

that over a range of application forces (F;j, up to 12N), the clutch remains locked and any
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additional force will be transferred to needle, facilitating needle advancement. Next, in a benchtop
model of closed laparoscopic access, clutch needles were compared to current clinical practice
gold-standard Veress needles in a side-by-side comparison (Figure 3(d)), where an inflated latex
balloon was used to represent an underlying organ or blood vessel that could be damaged through
needle overshoot. In simulated use cases by an unskilled user and controlled test conditions where
the needles were attached to a uniaxial test rig, there were no reported incidences of balloon
puncture for the mechanical clutch needle. However, in the controlled displacement control test,

balloon puncture occurred in 8 out of 10 cases using the Veress needle.
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Figure 3: Design Optimization (a) Theoretical prediction, adapted from Jedwab et al. [32], of the
relative behaviour of radial clutches (initial angle p specified in legend) as they expand from their
initial outside diameter (OD) until they contact the inner diameter (ID) of the needle, in response
to the application of axial force to the stylet; (b) Experimental demonstration of tunability of the
radial clutch. A radial clutch stylet is inverted, its proximal end fixed and its distal end attached to
free hanging weights (equivalent force value recorded on x-axis as ‘Force Applied’). A load cell is

used to record the corresponding force transferred to the needle for increasingly dense braid
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samples, from ~30 PPl to ~50 PPI; (c) Experimental set-up, adapted from Bassett et al. [29],
demonstrating the elasticity and repeatability of the clutch engagement mechanism through cyclic
loading. The needle is fixed in position and the proximal end of the stylet is connected to one load
cell. The input force (F;,) upon simulating pushing of the stylet is compared to the output force
(F,.) measured by a second load cell at the distal end of the stylet through 10 cycles, (d)
Benchtop comparison against Veress needle, gold-standard for closed laparoscopic access, where
an inflated latex balloon represents an underlying organ and Syndaver is used to represent skin.
The proximal end of the needle or stylet is attached to a uniaxial mechanical tester with the distal
end approximating the synthetic skin. The needle mechanisms are lowered by 40mm at 8.33 mm/s

and the peak force of insertion recorded. The balloons are inspected for signs of puncture.

Finally, to illustrate the versatility of the clutch needle and to examine the clutch performance in
the presence of biological fluids and tissues, devices were trialed in a series of ex vivo case studies
(Figure 4). In a human cadaver, where the abdomen was pre-insufflated with CO, for
visualization, the clutch needle was successfully deployed through the peritoneum with the needle
successfully disengaging from the stylet upon entry (Figure 4(a), Supplementary Video 1),
providing evidence of suitability for closed laparoscopic access. Mechanical clutch needle
insertion was repeated 12 times, with an average needle advancement into the abdominal cavity of
14.8 mm or 10.3mm from the end of the needle bevel (bevel length = 4.5 mm). This compares
favorably with average of ~ 22 mm insertion reported in the previous iteration of the mechanical
clutch needle [29]. Similarly, a proof of principle for experiment was performed on an ex vivo
adult porcine model (Adult Yorkshire pig, CBSet, MA, USA) of emergency airway access (Figure
4(b), Supplementary Video 2). Here, through endoscopic visualization, the clutch needle can be
visualized entering the trachea, but again the needle stops before hitting the back wall and risking
tracheal or vocal cord damage. Finally, access of a porcine ear vein (a recently sacrificed adult
Yorkshire pig which had been used in an unrelated study, Pine Acres, MA, USA) is used to
illustrate the applicability of this device for safe vascular access without the risk of through-
puncture injury (Figure 4(c), Supplementary Video 3). It is worth noting that these studies were
carried out in ex vivo models and further de-risking of the technology will be required in future in

vivo experimentation. Testing of prototype devices was confined to 14 and 15 Ga needles, due to a
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lack of availability of suitable braids with an appropriate PPI count at smaller diameters, however
we believe that the stylet-mounted clutch mechanism described herein is eminently scalable and

would also be suitable for use with smaller gauge needles.
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Figure 4: Proof-of-Concept Pre-clinical assessment of radial clutch needle (a) Laparoscopic
Access achieved in a human cadaver with a pre-insufflated abdomen to aid visualization; (b)
Tracheal access demonstrated as a means of achieve safe airway access in a porcine model; (c)
Vascular access achieved in a porcine ear vein. Still images in each case show (i) tissue tenting
prior to needle perforation, (ii) disengagement of radial clutch of blunt stylet (iii) stylet is removed
and safe insertion of the needle into target cavity demonstrated. In the case of (a) laparoscopic
access, (iv) the overshoot distance was estimated from 12 repeat insertions (line represents mean

value).

In summary, a radial clutch system has been developed and demonstrated initial proof-of-concept

functionality in multiple test cases, achieving safe and facile minimally invasive access to
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compartments in the body. The radial clutch needle is intuitive to use, which should aid in its
clinical adoption. Importantly, the clutch is mounted to a stylet and is inexpensive to manufacture,
meaning that is compatible and scalable with procedures where needles are used, irrespective of

their gauge size.

Experimental Section

Clutch Needle Fabrication: For bench top and in vivo testing, prototypes were assembled using
components from disassembled 14Ga Veress Needles (Ranfac, MA), namely a 100mm needle, and
80mm and 50mm proximal and distal stylet segments respectively), coupled with 16 biaxial
arranged flat wires (0.051 X 0.127mm, stainless steel 304V) braided over a 1.10mm mandrel,
produced by MicroLumen (Florida, USA) with a range of PPI counts (except for the scaled-down
15Ga version used in vascular access testing (Figure 4(c), which comprised a disassembled 15Ga
dialysis needle (NxStage Medical Inc, USA)). Segments of braid were initially roughly cut-to-
length (~55mm). The ends of the braid were crimped and annealed to avoid unraveling of the
braid and to facilitate ease-of-assembly. Braid segments were fixtured and stretched axially before
locally heating the ends of the braid with a naked flame Figure 2(b) and subsequently being cut-
to-length (target length of 40mm). The braid segment was coupled with proximal and distal
components of the stylet with an exposed braid length of 15 mm and crimped in-place using a
hand crimping tool (DMC AF8 Adjustable Crimp Tool), where the position of the crimps was
optimized to maximize retention strength and to minimize the profile of the stylet. Optionally, a
Tuohy Borst adapter (Qosina, USA), which contains an adjustable hemostatic valve, was glued to
the proximal end to the needle to act as a needle hub and to temporarily couple the stylet to the
needle. This facilitated ease of handling and control over the relative position of the needle and

stylet prior to activation of the clutch system.

Theoretical Clutch Performance: The input force v. diameter relationship in the clutch is governed

by equation 1,

Fen GlycosB (2sinficosp 25inﬂoCoSﬁo) EIsinﬁ{Zcoszﬁ Zcoszﬁo)]

R\ R = R R \ R Ro

(1)
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where F is the axial force exerted on the stylet, n (number of wires) = 16, G (shear

bhys 2
modulus of the material) = 81.5 GPa, I, (polar moment of inertia) = ERY , where b= 1.3x10*
m & h = 5x10- m, B, (initial angle of the braid wires) = values from 40° to 65°, B = instantaneous

angle of the braid wires, R, (initial radius of the braided body) = 7x10** m, R = instantaneous

radius of the braided body.
Clutch Sensitivity Experiments:

Clutch sensitivity experiments were performed using an eXpert 7600 mechanical tester (10 N load
cell, ADMET, Norwood, MA, USA). The position of the clutch stylet, inverted in the needle, was
fixed through coupling to a pin vice on an adjustable y-axis linear rail slide. Similarly, the needle
position was fixed to the load cell using a pin vice. Inextensible stainless steel wire was attached to
the distal end of the clutch stylet from which a series of free hanging weights was attached (force
applied). For 5 clutch stylets of increasing PICC, weights of up to 1kg were added and the

corresponding force transferred to the needle recorded from the load cell.

Repeatability of Clutch Engagement Experiments: Using an experimental set up similar to Bassett
et al., [29], a custom dual-load-cell set-up was developed to record both input and output forces
within the system. In this instance, the needle was fixed to the adjustable y-axis slider, while the
stylet was mounted to the load cell (25N, Admet). An alignment pin was used to preserve the
perpendicularity of the distal end of the stylet to the output force load cell (10N, Admet). The
stylet was cycled (10 cycles) at a constant rate of displacement up to an application force of 12N

and the corresponding output force recorded.

Simulated Use Benchtop Testing: A benchtop model was used to simulate closed laparoscopic
access and offer a side-by-side comparison of the clutch needle versus the Veress needle (Ranfac,
USA). The model comprised of synthetic skin (Syndaver, USA) placed on top of a test tube rack,
with a latex balloon used to simulate an organ or tissue sensitive to damage lying ~20mm under
the tissue surface. To simulate insertion, the needles were placed in the mechanical tester and the
needle (Veress) or stylet (Clutch device) was displaced by 40mm (at a speed of 8.33 mm/s) until
the synthetic tissue was punctured. The latex balloon was inspected for damage and the maximum

insertion force into the synthetic skin was recorded.
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Pre-clinical Proof-of-principle Testing: The assembled devices were assessed in a series of
simulated clinical scenarios for proof of concept testing. Firstly, in a fresh human cadaver
(Massachusetts General Hospital), a sample clutch needle was inserted into the peritoneum and
recorded through a laparoscopic camera. Pre-insufflation of the abdomen with CO, was used to
improve visualization of the field of insertion. The distance that the needle inserted into the
peritoneum was estimated from still images of 12 independent insertions. Secondly, emergency
airway access was simulated by needle insertion into a pig trachea and visualized using a
gastroscopic camera. Finally, the potential utility of the clutch needle in vascular access was

demonstrated by insertion into the ear vein of an adult pig, which had been recently sacrificed.
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