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ABSTRACT 

We present a bioinspired tissue-anchoring technology 
enabled via direct laser writing (DLW). 3-D printed barbed 
microneedles, mimicking the parasitic spiny-headed worm, 
display excellent structural fidelity/resolution and 
demonstrate -0.6 mN penetration force and 25 mN pull-out 
force when characterized on porcine small intestine tissue. 
Compared to the state-of-the-art barbed microneedles, the 
results indicate a significant advancement with 
approximately two orders of magnitude lower penetration 
force and over ten-fold higher pull-out/penetration ratio 
(PPR). The ease of tissue penetration and strength of 
attachment characteristics allow a more passive anchoring 
mechanism, with lower actuation and power requirements, 
for use in minimally invasive gastrointestinal (GI) resident 
devices. 
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INTRODUCTION 

Barbed needles are naturally occurring tissue 
anchoring architectures found on porcupine quills, 
mosquito and honeybee stingers, as well as parasite 
proboscis [1]–[4]. Recent studies investigating barbed 
microneedles have demonstrated that the microbarbs along 
the needle surface enhance mechanical anchoring. Notably, 
they provide an increased pull-out force during removal as 
compared to the force required for penetration into skin and 
muscle tissues [1], [5]. This biological architecture has 
significant potential for anchoring sensors and drug 
delivery devices within tissue  with reduced active control 
and preloading [6], especially within the hard-to-access 
regions of the human gastrointestinal (GI) tract mucosa that 
provides a rich amount of sensing and therapeutic 
opportunities [7], [8]. 

However, the development of bioinspired barbed 
microneedles has been limited by either fabrication 
methods or materials that are incapable of precisely 
replicating biological models, ultimately inhibiting 
performance. Using silicon-based material, early 
development of micro-spikes demonstrated effective 
mechanical fastening on human skin with anchoring 
strength of 3.4 kPa (or 21 mN per needle) [8], which would 
potentially be able to resist removal from GI tissue via 
peristalsis force (~1 kPa) [9]–[11]. However, the structure 
is stiff enough (with Young’s modulus over 100 GPa) to 
potentially cause perforation, and fabricable features are 
limited by the conventional micromachining capabilities 
[12]. Using softer polymers, Yang et al. developed a softer 
two-layer polymer microneedle with a swellable tip, 

mimicking a shape-changing parasitic spiny-head worm 
proboscis. The demonstrated tissue anchoring strength is 
4.5 kPa (or 45 mN per needle) on porcine small intestine 
tissue [13]. However, penetration requires preloading (~10 
kPa) that is more than two times higher than the pull-out to 
ensure robust tissue-anchoring, which would be 
undesirable for GI application. Recent bio-inspired barbed 
microneedles, such as molded North American porcupine 
quills and magnetorheological drawing worker honeybee 
stingers, have achieved tissue anchoring with low 
penetration force and higher pull-out force [1], [5]. 
However, the demonstrated PPR (~1.8) are much lower 
than their biological models (~20), respectively [3].  

 

 
Figure 1: (a) Optical image of a spiny headed worm 
(courtesy of N. Campbell, Wikipedia), and (b) SEM image 
of the anterior end of a worm proboscis [14]. (c-d) optical 
images showing a barbed microneedle (c) penetrating and 
(d) pulling out of a porcine small intestinal tissue sample 
with tissue attachment on microbarbs. 
 

In this work, we present a 3-D printed biomimetic 
barbed microneedle with high fidelity/resolution, attaining 
significantly reduced preloading as well as strong tissue 
anchoring capabilities. The parasitic, spiny-headed worm 
(Figure 1a), which is the biological model for this work, 
uses backward-pointing microbarbs on its microneedle-
sized proboscis (Figure 1b) that allow it to evaginate 
through the mucosa and fasten to the gut wall with minimal 
locomotion [4]. For the first time, a microscale replication 
of the spiny proboscis has been achieved, demonstrating 
highly efficient tissue anchoring on porcine small intestinal 
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tissues (Figure 1c, 1d). The utilization of this technology 
will ultimately aid in the development of ingestible capsule 
systems, particularly for deploying GI resident devices [7] 
to embed within the intestinal epithelium for prolonged 
monitoring and drug release.  

 

 
Figure 2: Schematic with dimensions (top) and scanning 
electron microscope (SEM) images (bottom) of a barbed 
microneedle fabricated via 3-D DLW. The zoomed-in 
image depicts the high-fidelity fabrication of the curved 
barbs with sharp tips (~ 1 μm resolution).  
 
Microneedle design  

Taking advantage of the DLW technology, which 
utilizes two-photon photopolymerization with submicron 
resolution, the 3-D printed barbed microneedles display 
high precision biomimicking structures as shown in Figure 
2. The design of the surface microbarbs and needle trunk 
are based on the spiny-headed worm morphology [14], as 
observed with SEM image in Figure 1b, with minor 
modification (i.e. hollow needle and uniform microbarb 
design) for DLW fabrication feasibility. The needle 
diameter decreases from 108 μm at the base to 74 μm at the 
tip, mimicking the truncated geometry of the worm 
proboscis in Figure 1b. The needle diameter in this work is 
nearly 50% narrower than the worker honeybee stinger 
(~200 μm) to enhance penetration and reduce perforation 
[5]. The 1 mm needle height was designed to increase the 
probability of penetrating the gut wall deep enough to pass 
the mucus blanket and epithelial barrier [15], [16]. The 
needle is designed to be hollow with 15 μm wall thickness 
to reduce over 50% of the laser writing time and increase 
flexibility to potentially help avoid the risk of fracture 
while in tissue. 

A total of 96 microbarbs are arranged in a quincuncial 
pattern resembling the dense formation of the worm 
proboscis [4]. The blunt needle design allows a maximum 
of six microbarbs to be evenly arranged around the 
circumference, with base diameter, curvature length and 
angle of 8 μm, 40 μm to 30 μm (tip to bottom), and ~50, 
respectively. The microbarbs cover the first 0.5 mm of 
needle anterior length at a 60 μm axial spacing, which is 
the most effective region for tissue anchoring according to 
the study of barbed porcupine quills [1]. Additionally, the 

microneedle material has a Young’s modulus of about 4-5 
GPa, which is much softer than silicon, ensuring safe tissue 
penetration [12], [17]. 

 
EXPERIMENTAL METHODS 
Two-photon DLW and needle assembly 

 
Figure 3: Fabrication and assembly process. (a) two-
photon absorption with 25X objective lens (NA = 0.8, 
DiLL-mode) and negative-tone photoresist (IP-S) at 80 mW 
laser power, 40 mm/s scan speed, 1 μm slicing, and 500 nm 
hatching distances. The writing block X-Y-Z dimensions 
are 250 μm, 250 μm, and 150 μm respectively. (b) 20-min 
photoresist development in propylene glycol monomethyl 
ether acetate (PGMEA) followed by a 2-min isopropyl 
alcohol (IPA) cleaning. (c) Microneedle assembly via 
dipping the needle base in 10:1 PDMS mixture (Sylgard 
184, Dow Corning, Corning, NY) for 4 minutes at 100C, 
leading to the final (d) microneedle on a 1 mm thick flexible 
backing. 
 

Figure 3 depicts the barbed microneedle fabrication 
flow developed in this work, including the DLW 
fabrication and an assembly process to attach the 
microneedle to a flexible PDMS backing. Using the 
Photonic Professional GT system (Nanoscribe GmbH, 
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Karlsruhe, Germany), the CAD design is fabricated using 
the Dip-in Laser Lithography (DiLL) mode with an ~8 
minute processing time. Figure 3a presents the two-photon 
absorption process, creating the microneedle starting from 
needle tip instead of the base. This inverse writing 
orientation is ideal for obtaining the precise geometric 
curvature (angle and sharpness) of the overhanging barbs 
as it allows printing of a contiguous structure without free-
floating material at any step.  

Figure 3b shows the fabricated structure after 
photoresist development and cleaning. In order to 
overcome the weak interface adhesion between the needle 
and the coverslip and to facilitate tissue anchoring 
applications, the inversely oriented microneedle is attached 
to a flexible PDMS backing substrate (Figure 3c-d). 
Benefiting from the inverse writing orientation in which  
the needle base is exposed in air, the microneedle base can 
be inserted 0.25 mm into a PDMS layer using a custom 
aluminum mold heated to 100oC using a hotplate. Once the 
PDMS is cured and cooled, the microneedle base is firmly 
attached to the solid PDMS substrate and can be easily 
peeled off from the coverslip. 
 
Tissue anchoring mechanical test  

The microneedle tissue anchoring performance is 
characterized by the force and displacement experienced 
by the needle after undergoing a three-phase motion, 
including tissue penetration, linear shift, and pull-out. 
During testing, a mechanical tester (Model 5565, Instron, 
MA, USA) is used with tensile and compressive modes 
containing a ±50 N load cell. Thawed porcine small 
intestinal tissue (Animal Biotech Industries Inc, PA) is cut 
into an approximately 1 cm × 1 cm patch, and the non-
mucosa side is adhered to a 3-D printed fixture. The tissue 
sample is then placed on the base fixture of the tensile tester, 
and the microneedle on PDMS substrate is attached to the 
upper movable sensing column. During the test, the upper 
column travels downward to insert the microneedle into the 
tissue mucosa at a rate of 0.01 mm/s until the displacement 
reaches 0.4 mm from initial needle/tissue contact and holds 
the penetration for 30 s. After a 1 mm lateral shifting 
(consistent for test) perpendicular to the penetration - 
mimicking the peristaltic shear interaction in the small 
intestine - the microneedle is moved upward (away from 
the tissue sample) at a rate of 0.01 mm/s until the 
microneedle has pulled out of the tissue completely.  

 
EXPERIMENTAL RESULTS 

Figure 4 presents both the force and displacement of 
the microneedle measured throughout penetration and pull-
out testing on the porcine small intestine, showing a low 
penetration force of -2 mN, high peak pull-out force of ~40 
mN, and PPR of ~20. Figure 5 shows that the average 
penetration and pull-out forces are measured as -0.6 mN 
and 25 mN, respectively. Additionally, the average 
penetration force and pull-out force acquired from barbless 
microneedles (bare needle without microbarbs) are only      
-0.3 mN and 1.7 mN, respectively. The significant 
difference between the barbed and barbless needles 
strongly indicates that the barbed features play an integral 
role in increasing the pull-out force, while maintaining a 
low penetration force.  

The data obtained has large standard deviations of 0.7 
mN and 33 mN for penetration and pull-out force, 
respectively, which is partly due to system noise and more 
importantly, the number of microhooks that become 
attached to the tissue sample. However, these factors are 
not critical as more than 60% of the samples demonstrated 
a PPR over 20 (P < 0.05), suggesting significantly 
enhanced tissue anchoring efficacy. 
 

 
Figure 4: Plots of force and displacement vs. time of 
needle-tissue interaction during (a) 0.4 mm penetration 
followed by 30s relaxation, and (b) pull-out following 
lateral shifting of 1 mm (to simulate peristaltic shear) on 
porcine small intestine tissue (Animal Biotech Industries 
Inc, PA). The calibrated system noise is about 3 mN. 
 

 
Figure 5: Plot of penetration force (absolute) at 0.4 mm 
penetration depth and maximum pull-out force of barbless 
(n=4) and barbed microneedle (n=17, * P < 0.05).  
 

The barbed microneedles achieved a 1-2 orders of 
magnitudes lower penetration force with comparable pull-
out force, resulting in a more than ten-fold enhancement in 
the PPR compared to the state-of-the-art biomimetic 
microneedles. These include magnetorheological drawing 

887

Authorized licensed use limited to: University of Maryland College Park. Downloaded on September 22,2020 at 19:42:20 UTC from IEEE Xplore.  Restrictions apply. 



honeybee stingers and reported penetration force, pull-out 
force, and PPR of -42 mN, 73 mN, and ~1.8 on rabbit skin, 
respectively [5]. Compared to those from natural honeybee 
stingers which reported penetration force, pull-out force, 
and PPR of -5.8 mN, 114 mN, and ~20 on rabbit skin, 
respectively [3], the barbed microneedle presents even 
lower penetration force, lower pull-out force, and 
equivalent PPR. These results suggest that the DLW-
printed microneedles, benefiting from precision fabrication, 
demonstrate facile tissue anchoring with excellent 
robustness. 
 
CONCLUSION 

In this paper we have introduced bioinspired barbed 
microneedles fabricated via direct laser writing technology 
and characterized the tissue anchoring performance on 
porcine small intestine tissue. The high precision/fidelity 
structural replication of the parasitic worm proboscis plays 
a key role in achieving robust anchoring with exceptionally 
low penetration force and significantly increased pull-out 
force compared to penetration. The pull-out/penetration 
ratio demonstrated over ten-fold higher performance 
compared to the state-of-art barbed microneedles 
fabricated using other methods. The result also confirmed 
that microbarbs are an essential component for tissue 
anchoring. Overall, the ease of tissue penetration and 
robust anchoring strength provide great opportunities for 
conveniently implanting devices embed within the 
intestinal epithelium.  The utilization of this technology 
will ultimately aid in the development of ingestible capsule 
systems, particularly for deploying  resident devices [7] for 
extended monitoring and drug delivery in the GI tract.  
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