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Abstract 

Real-time biomarker monitoring through interstitial fluid (ISF) sampling using hollow 

microneedle (HMN) arrays is crucial for personalized precision medicine and chronic 

disease management. However, clinical translation faces a critical bottleneck: the 

absence of stable, cost-effective, scalable high-precision manufacturing technologies. 

This work systematically establishes a comprehensive end-to-end solution 

encompassing precise molding and functional integration. We employed injection-

compression molding with multi-objective optimization algorithms to elucidate 

relationships between critical process parameters and HMN array molding quality. The 

results demonstrate that positioning the HMN array at the far-gate locations enhances 

filling quality and reduces core-pin impact force by 15%, revealing the underlying 

physical mechanisms governed by shear heating effects and pressure transmission 

dynamics, which enriches conventional micro-injection molding theory. The optimized 

process achieves >6.8% filling ratio improvement and 10% injection pressure reduction. 

Furthermore, we established a complete design and fabrication workflow for ISF 

extraction chips, developed patterned microelectrode bonding technology for complex 

microchannel sealing and validating in-situ detection platform advantages. In vitro 

testing validated safe and efficient ISF extraction with a 95% success rate while 

maintaining exceptional portability for wearable health monitoring applications. This 

work provides theoretical and practical guidance for scalable HMN manufacturing, 

establishing a foundation for commercializing next-generation continuous health 

monitoring systems. 

Keywords: Hollow microneedle array, Microinjection molding, ISF extraction, 

Microfluidic chips, Injection compression molding, Health monitoring platform
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Highlights 

1. Far-gate microneedles: Better filling, lower impact forces—a counterintuitive 

manufacturing breakthrough. 

2. Multi-objective optimization enables cost-effective mass production of high-

aspect-ratio hollow microneedle arrays. 

3. New filling mechanism expands micro-molding theory beyond conventional near-

gate paradigms. 

4. First application of patterned microelectrode bonding unlocks in-situ detection in 

complex microfluidic architectures. 

5. Prototype HMN microfluidic platform: 95% success for minimally invasive 

interstitial fluid extraction. 
 



1. Introduction 

Real-time monitoring of physiological biomarkers is increasingly important for 

personalized medicine, chronic disease management and point-of-care diagnostics [1,2]. 

Portable, wearable devices and point-of-care testing (POCT) systems capable of 

providing instantaneous feedback on dynamic biomarker fluctuations have emerged as 

a research focus in personalized precision medicine [3,4]. These technologies aim to offer 

users with convenient, non-invasive, or minimally invasive access to health information, 

thereby enabling early warning and efficient management of chronic diseases such as 

diabetes and cardiovascular disorders [5]. 

Although venous blood sampling remains the clinical gold standard, its high 

invasiveness, limited sampling frequency, and poor patient compliance severely impede 

the realization of continuous health monitoring. Over the past decade, interstitial fluid 

(ISF), the biological fluid bathing cells within the extracellular matrix, has emerged as 

an ideal alternative [6–8]. ISF offers molecular information comparable to blood plasma 

while substantially reducing invasiveness [9,10]. Comprising approximately 75% of 

extracellular fluid volume, ISF contains glucose, proteins, electrolytes, metabolites, and 

even pharmaceuticals diffused from capillaries, and is free from blood coagulation 

issues or cellular interference, rendering it an ideal medium for real-time health 

monitoring [11–14]. Consequently, developing a technological “window” for safe, 

efficient, and minimally invasive ISF collection represents a critical step toward 

unlocking the full potential of continuous health monitoring [15,16]. 

Against this backdrop, microneedle technology, particularly hollow microneedle (HMN) 

arrays with typical lengths of 100-1000 μm, has been explored as a promising 

minimally invasive platform for ISF sampling. HMNs can penetrate the stratum 

corneum and access dermal ISF while limiting interaction with deeper nerves and blood 

vessels, and recent studies have demonstrated HMN-based ISF sampling and biomarker 

detection [17–19]. These devices leverage internal microchannels to enable a “pierce-and-

flow” mechanism while also offering drug delivery capabilities [20,21]. The integration 

of HMN arrays with microfluidic chips to construct a unified ISF collection and 

analysis platform holds promise for achieving lab-on-a-chip (LoC) continuous 



monitoring [22,23], demonstrating substantial application potential in clinical diagnostics 

and health management [24,25].  

However, despite significant progress in theoretical frameworks and laboratory 

prototypes, the translation of HMN-based microfluidic chips toward clinical 

applications and commercial production remains challenging. The core bottleneck lies 

in the absence of stable, cost-effective, and scalable high-precision molding 

technologies [26,27]. HMNs possess complex three-dimensional microstructures 

characterized by high aspect ratios, thin walls, and sharp tips, imposing stringent 

manufacturing requirements [28,29]. Currently, while photopolymerization-based 3D 

printing (such as two-photon polymerization) and laser micromachining can achieve 

exceptional forming precision [30,31], their low production efficiency and prohibitive 

equipment costs render them unsuitable for mass production. In contrast, micro-

molding technologies represented by micro injection molding (μIM) are widely 

regarded as the viable route for achieving low-cost, high-volume manufacturing of 

polymer-based microneedles [32,33]. Its advantages are further amplified for materials 

that are biocompatible (PMMA, PC, COC, etc.) and suitable for injection molding [34]. 

Nevertheless, conventional μIM processes confront a series of severe and common 

challenges when replicating intricate structures such as HMNs [32,35]. The high flow 

resistance of polymer melt within microscale cavities often leads to critical defects—

including incomplete filling (short shots), tip blunting, shrinkage-induced distortion, 

and excessive residual stress [35,36]—which significantly compromise the mechanical 

integrity and skin-penetration performance of the microneedles [37]
. To address these 

issues, researchers have explored injection-compression molding (ICM) processes, 

which apply dynamic compression during injection to enhance melt flow and packing 

behavior within microstructures [38,39], thereby improving replication fidelity. However, 

even with ICM implementation, the systematic optimization of the process parameter 

window to balance multiple conflicting molding objectives—including filling ratio, 

cycle time, injection pressure, and clamping force—remains a complex challenge for 

fabrication [40]. Furthermore, the substantial impact forces and wear imposed on fragile 

microcavity core pins by high-pressure injection result in short service life and elevated 



maintenance costs [41], representing another critical obstacle to the stable mass 

production of HMN arrays. Concurrently, one of the most pivotal technological 

challenges that demands urgent resolution in this field is to achieve reliable bonding 

and sealing between precisely molded microneedle arrays and substrates containing 

microchannels and sensing electrodes, in order to construct functionally integrated 

microfluidic chips [42–44]. 

This study addresses the critical challenges in precision molding and scalable 

fabrication of hollow microneedle microfluidic chips through systematic investigation 

of injection-compression molding. By integrating mold structural design with multi-

objective optimization algorithms, we establish precise control over the HMN array 

molding process and elucidate the complex interactions among critical parameters—

gate location, injection speed, packing pressure, and mold temperature. Building upon 

these findings, we propose an integrated ISF collection microfluidic chip design and 

develop a complete fabrication workflow incorporating patterned microelectrode 

bonding technology. This work provides theoretical foundations and practical guidance 

for low-cost, high-volume manufacturing of high-performance HMN arrays, 

establishing a pathway toward commercialization of next-generation integrated health 

monitoring systems. 

2. Material and methods 

2.1 Material 

Poly(methyl methacrylate) (PMMA CM 205, Chi Mei, Taiwan) is used to fabricate 

microneedle-based microfluidic chips, with its physical properties found in Ref. [45]. 

Prior to injection molding, PMMA material was dried in an oven at 80°C for over 6 

hours to eliminate moisture effects. Nickel (Ni, VALE INCO, Canada) is used to 

prepare microelectrodes for bonding. The specific formulation of the electroplating 

solution and the detailed preparation procedure are described in Ref. [46]. 

2.2 Design of Hollow Microneedle Microfluidic Chips 

In applications targeting ISF collection, the HMN array and microfluidic chip are 

fabricated as an integrated structure through single-step molding. The structural 

configuration and operational schematic are illustrated in Fig. 1(a). The HMN geometry 



and microfluidic chip layout were designed using SolidWorks 2019 (Dassault Systems, 

France). The design workflow consisted of four steps. First, the target HMN dimensions 

are defined according to the required skin insertion depth, mechanical stability and ISF 

collection volume. Second, a 3 × 3 HMN array is constructed with an inter-needle 

spacing of 2 mm to reduce the bed-of-nails effect while maintaining sufficient sampling 

area. Third, the lumen outlet is shifted from the central puncture axis to reduce the risk 

of tissue coring and channel blockage during insertion. Finally, the HMN array is 

integrated with microchannels, a collection chamber and chip-level fluidic structures to 

form the complete ISF collection device. The detailed design basis and process are 

developed in Section 3.1. 

The Young-Laplace-based capillary-pressure equations are used to evaluate the 

feasibility of passive liquid transport within the rectangular microchannels [47,48], as 

shown in Fig. 1(b).  
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where ΔP represents the capillary pressure (MPa); γ denotes the surface tension of the 

liquid within the microchannel (N/m); h and w represent the channel height and width 

(m), respectively; and t
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For microchannels with identical wall materials on all four surfaces, the equation 
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Equation 2 reveals that capillary pressure increases with decreasing microchannel 

dimensions, exhibiting an inverse relationship with the characteristic dimension (e.g., 

hydraulic diameter). 

These equations guide the selection of microchannel dimensions and help determine 

whether capillary pressure is sufficient to drive fluid movement after ISF entered the 

chip. Therefore, the equations are used as a microfluidic design criterion, whereas the 

HMN geometry is determined by the combined requirements of skin insertion, 



mechanical strength, mold-core manufacturability and ISF collection.  

2.3 Static and Mold Flow Simulation 

The Static Structural module in Ansys Mechanical (version 2020 R2, ANSYS Inc.) is 

employed to validate microneedle structural integrity through finite element analysis. 

Simulations evaluate stress distribution and deformation under operational loads. 

During preprocessing, mesh discretization utilizes tetrahedral elements with a size of 

15 μm (see Fig. 1e), totaling 157,426 elements—sufficient to satisfy static simulation 

requirements. The constitutive equation for PMMA is represented by a Maxwell 

viscoelastic model derived from experimental measurements and curve fitting, with 

model parameters and construction procedures from literature [34]. Studies have 

demonstrated that an insertion force of approximately 0.2 N per needle is sufficient for 

effective human skin penetration without causing excessive pain or tissue damage [49]. 

Consequently, a force of 0.2 N is applied as the validation pressure for the HMNs, with 

additional boundary conditions as shown in Fig. 1(f). 

The mold flow simulation model for hollow microneedle micro-injection molding is 

constructed at a 1:1 scale based on the designed gating system, as shown in Fig. 1(g). 

Simulations are performed with Moldflow Synergy 2018 (Autodesk, USA). Mesh 

discretization employed tetrahedral elements, with an initial global mesh size of 0.5 

mm subsequently refined through optimization. 

2.4 Hollow Microneedle Array Injection Compression Molding 

Injection-compression molding (ICM) is employed to overcome scale effects and 

reduce the flow length-to-thickness ratio. ICM enhances product molding precision by 

applying compressive force following melt injection into the mold cavity, as illustrated 

in Fig. 1(h). An Arburg precision micro-injection molding machine (370S, Arburg, 

Germany) is utilized to conduct HMN array injection molding and injection-

compression molding experiments. A mold temperature controller (AOSD-05A, China) 

regulates mold body temperature, while a desiccant dryer (SCD-20U/30H, China) is 

employed for raw material drying. 

2.5 Experimental design of injection and injection compression molding 

Given the advantages of optimized Latin hypercube sampling in achieving uniform 



distribution of variable sampling points, this method is adopted for experimental design.  

The sampling scheme is generated using Isight 2016 (Simulia, France), and the 

corresponding experimental factors and parameter combinations are listed in Tables S1 

and S2 (Supplementary material). For each parameter combination, numerical 

simulations are performed to extract three response variables: the HMN cavity filling 

rate, the warpage deformation of the thin-walled component, and the maximum 

pressure acting on the mold core pin. The relative contribution of each processing 

parameter to these responses is then evaluated using Pareto analysis. Specifically, the 

absolute effect of each parameter on a given response is normalized by the sum of the 

absolute effects of all investigated parameters and expressed as a percentage 

contribution. 

Due to the small dimensions and precise geometry of hollow microneedles, even minor 

deviations in process parameters significantly affect the accuracy of the final product. 

For ICM, the pressure and timing control during the compression stage must be 

perfectly coordinated with the injection process to ensure structurally complete and 

defect-free HMN formations. Therefore, the HMN injection molding experiments are 

conducted in two phases. Firstly, injection molding experiments are performed based 

on optimized parameter combinations, followed by the introduction of compression-

stage processing parameters (parameter combinations are listed in Table 1). Each 

parameter combination is repeated 50 times, and five samples are randomly selected 

from the final 40 cycles for statistical analysis of molding precision and process stability. 

Table 1. The injection and ICM process parameters of hollow microneedle microfluidic chip 

Process 
ICM 

Injection molding (Injection stage) Compression stage 

Factor IS IP MT PP Mold T PT CD CS CF 

Unit cm3/s MPa ℃ MPa ℃ s mm mm/s MPa 

Range 40-50 120-160 270-275 120-160 90 3 1 5 450 

Note: Injection speed (IS), Injection pressure (IP), Melt temperature (MT), Packaging pressure (PP), 
Mold temperature (Mold T), Packaging time (PT), Compression Distance (CD), Compression speed 
(CS), Compression force (CF) 

2.6 Morphology characterization of hollow microneedle array 

The three-dimensional morphology of hollow microneedles is characterized using an 



ultra-depth 3D microscopy system (KEYENCE® VHX-5000, Japan). Detection 

parameters and settings included 100× magnification, image stitching, and ring 

illumination. Five random replicates are selected under identical injection parameters 

for statistical analysis. 

The coefficient of variation (CV) is used to describe sample consistency and uniformity 

(Eq. 3). In practical applications, the CV is commonly employed to evaluate the 

precision of experimental methods, the stability of production processes, and the 

uniformity of sample preparation. A CV below 5% indicates excellent sample 

consistency, 5-10% indicates good consistency, 10-15% indicates moderate consistency, 

and values exceeding 15% indicate poor consistency. 
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where, n represents the number of samples, x  denotes the sample average. 

2.7 Mechanics and puncture performance 

The mechanical properties of microneedles are evaluated using a micro-mechanical 

tensile-compression tester (PT-1198GTD-P, Boda Instrument, China), at a loading rate 

of 1 mm/s. Testing was terminated when the applied force reached 40 N. A total of 5 

replicate groups are tested for HMN strength characterization. Sensors are calibrated 

prior to testing to ensure measurement accuracy. 

Porcine and human skin exhibit highly similar dermal/epidermal layer ratios, hair 

follicle and blood vessel densities, and dermal collagen/elastin ratios [50]. Fresh porcine 

dorsal skin, harvested within 24 hours post-mortem, was procured from a morning 

market near the laboratory. Prior to use, the porcine skin was thoroughly rinsed with 

warm physiological saline to remove blood, adipose tissue, and surface contaminants. 

Excess fat and muscle tissue were removed while preserving a portion of the dermal 

layer. To facilitate marking and statistical analysis, ink is injected into the HMN array 

cavities to serve as a penetration dye. It is important to note that penetration staining 

experiments are repeated 9 times. 



2.8 Preparation of Hollow Microneedle Microfluidic Chip 

Microchannels, capillary pumps, and capillary diffusion regions are fabricated using a 

CO₂ laser engraving system (Young Laser V12, China). For microchannels and 

capillary pump regions, vector engraving mode is employed with laser intensity at 30% 

full power and scanning speed of 15 mm/s. For capillary diffusion regions, raster 

engraving mode is utilized with laser intensity at 40% full power and scanning speed 

of 15 mm/s. Absorbent paper (Beckman, China), composed of neutral cotton fiber 

material with ash content below 0.15%, is subsequently cut and prepared according to 

the required structural configurations. 

The microfluidic chips are bonded using a novel patterned microelectrode bonding 

process [46]. A power supply unit (Agilent B2901A, Keysight, USA) is employed for 

microelectrode fabrication and bonding. 

According to different bonding schemes for ISF analysis platforms, electrodeposition 

masks are fabricated using the laser engraving system. Mask preparation used vector 

engraving mode with laser intensity at 15% full power and scanning speed of 20 mm/s. 

The cross-sectional dimensions of different microelectrodes remain rectangular at 600 

× 40 μm, with electrodeposition processing parameters including an electrode spacing 

of 10 cm, current density of 4 A/dm², and deposition time of 45 minutes. 

2.9 Artificial blood collection 

Artificial blood (YT-062, China) is employed as a surrogate for human or animal 

experimentation to characterize the ISF extraction capability of hollow microneedles. 

Artificial blood possesses physical properties similar to those of blood, including 

surface tension and viscosity, with primary constituents comprising amaranth dye, 

surfactants, thickening agents, inorganic salts, and distilled water. The use of artificial 

blood provides standardized fluid characteristics, facilitating enhanced experimental 

control and improved data reproducibility. The liquid absorption capacity of capillary 

pumps is evaluated by comparing artificial blood flow distances over identical time 

intervals. 

2.10 In vivo ISF collection and skin-response assessment 

An exploratory animal study is conducted by Hangzhou Yanqu Information Technology 



Co., Ltd., Hangzhou, China. Animal experiments were approved by the Lab of Animal 

Experimental Ethical Inspection of Dr.Can Biotechnology(Zhejiang) Co., Ltd., China 

(Approval No. DRK-20260702042). Two male Institute of Cancer Research mice (6-8 

weeks old, 18-22 g) are acclimatized for 3 days before testing. The mice are randomly 

designated as animals A and B, and each animal received one Case I HMN device. For 

in vivo ISF extraction, the dorsal hair of mice is removed before testing, and the HMN 

device with a collection layer is placed on the exposed dorsal skin. The extraction 

process is photographed at 0, 10, 20, 30 and 40 min. After device removal, the puncture 

sites are photographed at 0, 10, 20 and 30 min to evaluate short-term skin recovery. 

Skin from the other animal is collected immediately after HMN application, before 

visible closure of the puncture sites. The tissue is paraffin-embedded and stained with 

haematoxylin and eosin (H&E) for histological examination. Because this experiment 

is designed as an exploratory feasibility assessment with two animals, the outcomes are 

analyzed descriptively without inferential statistical testing. 

3. Results and discussion 

3.1 Hollow Microneedle Structural Design and Simulation 

Hollow microneedle microfluidic chips integrate the advantages of HMN arrays and 

microfluidic technology, enabling precise and controlled drug delivery as well as ISF 

collection [51,52]. Microneedle-assisted biosensing applications have demonstrated that 

capillary action facilitates analyte detection in liquids [53]. Numerous related studies 

have further shown that microneedles can extract blood and ISF through capillary 

action alone, without requiring additional negative pressure (suction) devices [54,55]. For 

single-step in-mold fabrication and user convenience, achieving ISF extraction through 

capillary pump design represents an optimal approach [56–58]. 

Interstitial fluid is rich in metabolites, proteins, and other biomolecules; consequently, 

ISF collection enables non-invasive or minimally invasive health monitoring and 

disease diagnostics [59]. For ISF collection applications, microneedle dimensions and 

geometry directly determine collection efficiency and user comfort. Microneedle size, 

shape, tip radius, needle height, base width, overall design, and geometric configuration 

are critical for enhancing mechanical performance and strength, while they directly 



influence adequate insertion depth and structural integrity [60,61]. 

The structural composition and thickness relationships of human skin tissue are 

illustrated in Fig. 1(c). In ISF extraction applications, consideration must be given to 

the three distinct layers of human skin: the stratum corneum (10-20 μm) [62], epidermis 

(100-150 μm) [63], and dermis (3-5 mm) [64]. Consequently, HMN height must exceed 

200 μm to reach the dermal layer and achieve ISF collection. A strong correlation exists 

between microneedle length and pain perception. Reports indicate that pain increases 

more than sevenfold as microneedle length increases from 480 μm to 1450 μm [65]. 

Therefore, longer microneedles are more likely to activate nociceptors or puncture 

capillaries, causing bleeding and potentially reducing user acceptance [66]. Additionally, 

most microneedles maintain heights below 1 mm whilst remaining sufficient for ISF 

collection or therapeutic agent delivery [67]. Thus, an ideal microneedle height 

approximates 1 mm. 

It is self-evident that microneedle geometry substantially determines mechanical 

strength. Microneedles can adopt conical, pyramidal, cuboidal, triangular prismatic, or 

cylindrical configurations. It has been proven that, cylindrical microneedles can 

withstand greater loads compared to square or rectangular microneedles of equivalent 

cross-sectional area [68]. Compared to pyramidal hollow microneedles, conical tips 

exhibit superior mechanical stability, reduced bending deformation, and higher internal 

flow rates [69]. In practical design processes, optimization and trade-offs must be made 

according to specific application scenarios and manufacturing processes. To achieve 

mass production, micro-injection molding technology is employed for HMN array 

fabrication. Therefore, the conical profile is preferred as it facilitates demolding [70]. 



 

Fig. 1. Design, fabrication, and mechanical characterization of microneedle arrays for ISF extraction 
via microinjection compression molding. (a) Schematic illustration of the ISF-based health 
monitoring system. (b) Geometric design and capillary pressure calculation model for the capillary 
pump. (c) Cross-sectional anatomy of human skin showing the target insertion depth for 
microneedles. (d) Microneedle geometric specifications and structural variations. e: distance 
between hollow-channel axis and conical microneedle axis. (e) Detail and quality of local mesh 
division of microneedles. (f) Finite element analysis setup for mechanical testing simulation. (g) 1: 
1 gating system model and mesh generation for mold flow simulation. (h) Microinjection 
compression molding (μICM) fabrication process flow. (i) Finite element simulation results 
showing mechanical performance under compressive loading.  

 



According to studies on cutaneous nerve ending distribution density, when microneedle 

diameter falls below 200 μm, penetration can avoid most nerve endings, significantly 

reducing pain sensation. As diameter increases, the needle inflicts greater damage area 

on the skin, substantially elevating pain perception [65]. For conical structures, wider 

base/support structures provide higher mechanical stability, with these diameters 

typically on the order of 300-700 μm. For hollow microneedles, sufficient sharpness is 

required to reduce insertion force. Consequently, beveled or polyhedral designs can be 

considered to minimize insertion resistance, with tip angles typically ranging between 

15-45°. Furthermore, flat hollow tips may impede fluid flow due to tissue coring during 

skin perforation [71]. Therefore, an eccentric structure was designed for the HMNs; this 

structural configuration effectively prevents microneedle clogging while ensuring 

adequate biofluid collection volume. The hollow channel can exploit capillary action to 

facilitate ISF collection. Fig. 1(d) illustrates the structural evolution and key geometric 

parameters of the hollow microneedles. Three hollow microneedle configurations are 

designed by varying the eccentric distance, e, between the central axis of the hollow 

channel and the central axis of the outer conical microneedle body. The eccentric 

distances are set as e = 100 μm, 60 μm, and 0 μm. The e = 0 μm structure represents a 

coaxial hollow microneedle, while the e = 60 μm and e = 100 μm structures represent 

eccentric hollow microneedles with different degrees of lateral channel displacement. 

The final eccentric beveled design further shifts the lumen outlet away from the central 

puncture axis, thereby reducing the probability that compressed tissue directly enters 

and blocks the lumen while maintaining sufficient collection volume for interstitial 

fluid. The principal geometric parameters are set as follows: needle height, 1000 μm; 

base diameter, 500 μm; upper base radius,100 μm; lumen diameter, 240 μm; chamfer 

angle, 45°; and eccentric offset, 60 μm. These dimensions are selected by considering 

skin insertion, structural stability, capillary-driven ISF collection, mold-core strength, 

and fabrication feasibility. 

Beyond individual HMN structure and dimensions, microneedles are typically applied 

in array configurations. Consequently, the bed-of-nails effect must be considered during 

array structural design, wherein needles arranged in an array positioned too closely 



together fail to penetrate skin [72]. Theoretical analysis demonstrates that insertion force 

decreases with increasing spacing. As spacing increases beyond 150 μm, the correlation 

between insertion force and needle pitch progressively diminishes [73]. Simultaneously 

considering HMN mold manufacturing cycle and cost, a 9-needle HMN array is 

exemplified here, with inter-needle spacing set at 2 mm. Without considering 

subsequent microchannels and storage chamber volumes, the theoretical ISF extraction 

capacity of the HMN array structure approximates 7.71 μL. 

Finite element simulation is employed to validate the mechanical strength of the 

designed HMNs. Under a 0.2 N load, the stress distribution of the HMN exhibits 

pronounced gradient variations, indicating favorable mechanical performance under 

loading conditions (see Fig. 1(i)). Relatively higher stresses are observed on the inner 

walls, attributable to the geometric characteristics of the hollow structure that 

concentrate stress in regions of reduced wall thickness. Even if stress concentration at 

the tip is relatively pronounced, the maximum stress (24.86 MPa) does not exceed the 

material yield strength (65±3 MPa), confirming that the design satisfies mechanical 

strength requirements. Deformation under loading manifests most significantly at the 

microneedle tip as illustrated in the Fig. 1(i). However, the overall structure maintains 

high rigidity without evident buckling or fracture risk. Concurrently, the overall 

deformation remains minimal, with maximum displacement of merely 2.2 μm (see Fig. 

1(i)), demonstrating sufficient structural rigidity to preserve shape during skin insertion, 

thereby ensuring successful ISF collection. 

3.2 Simulation of injection molding and mold design 

The complex structure and high aspect ratio of hollow microneedles render mold design 

critically important. During injection-compression molding, the mold must incorporate 

precision core pin structures to form the through-hole features of HMNs. For both solid 

and hollow microneedles, gas entrapment represents a principal cause of incomplete 

microstructure filling. Specifically, when molten material fills the microneedle mold 

cavity, failure to timely evacuate internal air results in gas retention (gas pockets), 

impeding melt flow and causing insufficient filling. Due to the fine internal channels 

within HMN structures, gas entrapment occurs more readily, obstructing polymer 



material filling. Consequently, enhancing mold venting capability is recognized as 

critical for achieving precision microneedle molding [74]. 

 

Fig. 2. Mold design, thermal simulation, and manufacturing system for μICM of microneedle arrays. 
(a) Cross-sectional schematic of the mold assembly for microneedle fabrication. The system consists 



of a fixed mold (upper, teal) containing core pins that define the hollow channels, and a movable 
mold (lower, gray) with insert cavities that shape the external microneedle geometry. (b) Detailed 
mold design specifications and runner system layout. (c) Mold cavity fill ratio as a function of mesh 
size in mold flow simulation. (d) Effect of gate position on filling ratio and melt front temperature 
under identical process conditions. (e) Under short-shot conditions (No. 10 in Table S2), the micro-
needle cavity farthest from the gate fills first. (f) Exploded view of the complete microinjection 
compression molding system assembly. (g) Photographs of the industrial-scale μICM equipment 
during operation. (h) Fabricated mold inserts and core pins. The high-quality surface finish and 
dimensional accuracy contribute to precise molding. 

Compared to mold cores fabricated monolithically through casting or laser engraving 

techniques, assembling critical components to form a mold core assembly offers 

superior breathability. Based on a chip substrate with dimensions of 60 mm length × 40 

mm width × 1 mm thickness, the designed HMN microfluidic chip mold core assembly 

is illustrated in Fig. 2(a). This design approach is more streamlined and systematic, 

facilitating machining and maintenance while ensuring uniform material filling during 

molding, thereby reducing the occurrence of gas pockets and defects. 

Fig. 2(b) presents the designed gating system for the HMN microfluidic chip. For thin-

walled components, circular and semicircular cross-section runners represent relatively 

rational design choices. These runner configurations possess smaller surface area-to-

volume ratios, maximally minimizing flow friction and heat loss of the material [75]. 

Consequently, considering runner volume and balanced runner design principles, an S-

shaped semicircular interface runner structure with central symmetry about the main 

runner is designed. Fan gates facilitate more uniform and efficient material distribution 

throughout the entire mold cavity; for large-area thin-walled components in particular, 

they effectively enhance molding quality [75]. The aforementioned design principles 

maximize filling efficiency during thin-walled component molding, reduce defects, and 

improve product quality and consistency. 

Subsequently, mold flow simulation analysis is conducted using Moldflow for both 

injection molding and injection-compression molding processes to optimize chip 

structure and molding parameters. Mesh independence (mesh convergence) analysis is 

performed with mesh refinement applied to the HMN array region. Mesh element sizes 

are progressively reduced to 0.2, 0.1, and 0.05 mm. Results demonstrate a reverse 

analogous relationship between element size and microneedle filling ratio. However, 



when element size decreases from 0.10 mm to 0.05 mm, the change in filling ratio 

becomes gradual (increasing from 74% to 75%) (Fig. 2(c)). This indicates that at 0.10 

mm mesh size, the mesh discretization adequately describes the flow behavior of the 

microneedle structure, with limited improvement achieved through further element size 

reduction. Comprehensively considering computational accuracy and efficiency, 

selecting a mesh discretization with element size of 0.10 mm (total mesh count 

approximately 3.39 million) ensures calculation result precision while avoiding 

computational resource waste. 

Under general injection conditions, when microstructure positions are proximal to the 

gate, the melt flow path is short, temperature and pressure losses are minimal, and 

microstructure filling ratios are typically high. As the distance between the HMN array 

and gate position increases, the melt traverses a longer path with increased flow 

resistance. Pressure loss progressively increases, causing melt pressure at the flow front 

to gradually attenuate, resulting in incomplete microcavity filling. 

However, injection molding results for HMN arrays on thin-walled components exhibit 

a contrasting molding trend. Under identical injection processing conditions (melt 

temperature 250°C, mold temperature 80°C, injection speed 20 cm³/s), HMN arrays 

positioned near the gate demonstrate significantly lower filling ratios compared to far-

gate positions (Fig. 2(d)). This pattern is consistently observed across other process 

parameter combinations. The mechanisms underlying this phenomenon are as follows: 

(1) During thin-walled micro-injection molding, viscous dissipation effects elevate melt 

temperature at the flow front, reducing melt viscosity and creating favorable conditions 

for HMN cavity filling. Melt flow front temperature distributions at near-gate and far-

gate array locations are presented in Fig. 2(d). Results confirm that melt temperature at 

the far-gate position is markedly higher than at the near-gate position. (2) When HMN 

array positions are proximal to the gate, microneedle cavity resistance substantially 

exceeds that of thin-walled cavities, although the melt flow path is short with minimal 

temperature and pressure losses. This causes melt to preferentially flow toward lower-

resistance thin-walled regions rather than into microneedle cavities. As the flow path 

lengthens, viscous dissipation elevates melt flow front temperature while near-gate 



region melts temperature decreases. When melt reaches the thin-walled cavity terminus, 

elevated melt temperature causes rapid pressure buildup within the cavity, thereby 

enhancing microstructure filling capability at the far-gate position. Fig. 2(e) further 

illustrate this filling mechanism under intentionally reduced filling conditions, where a 

short-shot state was generated to visualize the melt filling sequence (No. 10 in Table 

S2). The short-shot result shows that the melt first advanced through the lower-

resistance thin-walled cavity, whereas the HMN microcavities remained partially filled 

at the early filling stage. As the melt front approached the far-gate region, viscous 

dissipation increased the local melt temperature and promoted pressure buildup near 

the terminal thin-walled cavity, thereby improving the filling capability of the far-gate 

HMN cavities. This result supports the conclusion that the far-gate position is more 

favorable for HMN array filling under the present thin-walled micro-injection molding 

conditions. Based on the above findings, the HMN array is chosen to be positioned at 

the far-gate. 

Integrating simulation analysis results with mold design theory, a mold capable of 

accommodating both injection molding and injection-compression molding is designed 

and fabricated. Its three-dimensional exploded view and physical photographs are 

presented in Figs. 2(f) and (g), respectively. In parallel, the potential medical 

applications of HMN microfluidic chips impose stringent surface finish requirements. 

For this reason, the mold core surface roughness is designed and manufactured to 

mirror-grade quality, i.e. surface roughness ~0.16 μm, (see Fig. 2(g)). To form the 

hollow structure of microneedles, precision fabrication of metal core pins with 0.24 mm 

diameter and 6 mm length represents a critical factor ensuring accurate HMN molding. 

Core pins are fabricated using micro-milling processes, with Ti6Al4V selected as the 

core pin material due to its moderate hardness, avoiding accelerated tool wear or 

material deformation during milling. To ensure the tool could handle micro-scale 

machining, a 500 μm diameter carbide micro-milling cutter is employed. Fig. 2(h) 

presents the finally fabricated microcavities and core pins. 

3.3 Multi-objective process optimization of injection molding 

During the injection molding process, the temporal evolution of pressure experienced 



by individual core pins at near-gate and far-gate positions is presented in Figs. 3(a) and 

(b), respectively. Results demonstrate that positioning the HMN array at the far-gate 

location not only enhances HMN filling ratio but also reduces pressure exerted on mold 

core pins by 15%. This phenomenon indicates that placing the HMN array at the far-

gate position, in addition to improving filling ratio, favorably extends mold core pin 

service life, serving a protective function for the core pins. 

In multi-objective optimization of HMN microfluidic chip micro-injection molding, 

selecting appropriate optimization indicators is critical for ensuring microneedle 

functionality, processing efficiency, and product quality. Given the precise structural 

configuration of HMNs, excessive height deviation may prevent microneedles from 

penetrating skin or cause user discomfort. Consequently, microneedle cavity filling 

ratio represents a key indicator affecting product integrity and performance. Chip 

warpage influences the overall geometry and functional performance of both 

microneedles and chips. Core pin mechanical strength constitutes a critical factor for 

maintaining HMN structural integrity and a necessary indicator for ensuring injection 

molded product quality, safety, and stability. In summary, the optimization indicators 

considered in this section include HMN filling ratio, chip warpage, and core pin 

pressure, achieving objectives that balance high performance and economic feasibility 

for HMN microfluidic chips. 

Using chip filling ratio, warpage, and core pin pressure as response indicators, Pareto 

charts depicting the influence of various process parameters on these response 

indicators are presented in Figures 3(c-e). Fig. 3(c) reveals the differential contributions 

of process parameters to filling ratio. The primary influencing factors are injection 

pressure (32.01%), packing pressure (31.94%), and melt temperature (19.17%), while 

injection speed, mold temperature, and packing time exert relatively minor influences. 

Injection pressure and packing pressure exhibit the greatest impact on filling ratio, 

contributing 32.01% and 31.94%, respectively. This indicates that pressure control 

represents a critical factor for ensuring adequate filling of HMN cavities and flow 

channels during injection molding. Higher pressures enable molten polymer material to 

fill complex mold structures more rapidly and uniformly, reducing defects such as voids 



and short shots. Melt temperature influences filling ratio by 19.17%, showing that 

elevated melt temperatures enhance material flowability, reduce flow resistance, and 

thereby improve filling performance. Appropriate temperature ensures material does 

not solidify prematurely, particularly within the fine channels of HMN structures. 

Injection speed and mold temperature contribute 10.26% and 5.17%, respectively, 

representing secondary influences. Increased injection speed accelerates the filling 

process; however, excessive speed can induce air entrapment or weld lines. The limited 

influence of mold temperature suggests its relatively constrained effect on filling ratio 

within the given process parameter range. Packing time demonstrates minimal impact 

on filling ratio at merely 1.45%, likely because the packing stage during injection exerts 

limited influence on final filling completion, serving primarily to solidify material and 

reduce shrinkage. 

Fig. 3(d) demonstrates the influence of various process parameters on warpage 

deformation. Mold temperature (35.53%) and injection pressure (30.22%) are the 

primary factors affecting the warpage deformation, while packing pressure, melt 

temperature, packing time, and injection speed exert secondary influences. Mold 

temperature, accounting for 35.53%, represents the most dominant factor influencing 

warpage deformation, indicating that non-uniform mold temperature distribution can 

cause differential cooling rates, subsequently generating residual stresses that induce 

warpage. Both excessively high and low temperatures adversely affect part dimensional 

stability, particularly in high-precision microneedle structures. Elevated injection 

pressure can induce non-uniform stress distribution within the mold cavity, especially 

in complex microstructures, where stress differentials can lead to warpage. Rational 

pressure control is a key factor in warpage reduction. Packing pressure can mitigate 

material shrinkage during solidification, thereby partially reducing warpage risk 

(14.53%). Although these parameters exert secondary effects, they may still serve fine-

tuning functions under specific conditions and for precision engineering purposes. 



 

Fig. 3. Process parameter optimization and mechanical characterization of HMN fabricated by 
microinjection molding. Temporal evolution of melt impact pressure on the core pin at different 
position ((a) near-gate, (b) far-gate) during the injection molding. The pressure on the core pin at 
the far-gate is reduced by 15%. (c) Pareto analysis of process parameter influence on (c) filling 
quality, (d) chip warpage and (e) core pin pressure. Different factors have different influences and 
laws on different indicators. Blue: positive factor. Pink: negative factor. (f) Main effect diagram of 



each experimental factor (See Table S2 for detailed parameter) on different indicators. (g) Force-
time curves during axial compression testing of microneedle arrays. Five representative samples 
(Samples 1-5) show consistent mechanical behavior with initial elastic loading, reaching failure 
forces between 25-32 N at approximately 6-8 seconds. (h) Force-displacement curves from axial 
compression tests. The HMN array is deformed when the average test pressure reaches 2.314 ± 
0.163 N. 

The influence of process parameters on the impact force experienced by mold metal 

core pins exhibits pronounced differentiation, as illustrated in Fig. 3(e). The primary 

influencing factor is injection pressure (45.80%), followed by melt temperature 

(16.91%) and packing pressure (15.86%), while packing time, mold temperature, and 

injection speed exert minor influences. Injection pressure constitutes the most dominant 

factor affecting core pin loading at 45.80%, indicating that higher injection pressure 

results in greater melt impact force on metal core pins. Elevated injection pressure 

facilitates material filling; however, excessive pressure may cause core pin deformation 

or even damage. Consequently, effective injection pressure control must be 

implemented while ensuring filling quality to protect mold component integrity. Melt 

temperature influences core pin loading by 16.91%. Since at elevated temperatures, 

material exhibits superior flowability with relatively reduced impact force on core pins 

during flow. Packing pressure contribution shows that the material continues to exert 

pressure on core pins during the packing stage. Although this stage exerts limited 

influence, attention remains warranted since excessive packing pressure may similarly 

damage the core pins. Packing time, mold temperature, and injection speed have 

influences of 11.55%, 6.76%, and 3.12%, respectively. These parameters exert 

secondary effects on core pin loading, primarily manifesting through influences on core 

pins during localized material flow and solidification processes. 

Referencing simulation results based on Latin hypercube experimental design, the main 

effects plots of various process parameters on response indicators are presented in Fig. 

3(f) (specific abscissa parameters detailed in Table S2). With increasing injection 

pressure and packing pressure, filling ratio exhibits an initial decrease followed by a 

significant increase. This trend indicates that within a certain pressure range, low 

pressure causes insufficient melt filling of the mold cavity, resulting in lower filling 

ratios. Beyond a critical threshold, higher injection pressure substantially improves 



filling performance. Rational pressure control can prevent short shot defects. 

Additionally, packing pressure primarily serves to replenish material and reduce 

shrinkage, also corroborating from an alternative perspective the conclusion that far-

gate HMN arrays achieve higher filling ratios.  

The melt temperature curve displays a gradual ascending trend, indicating that 

increasing melt temperature facilitates filling ratio enhancement, albeit with less 

pronounced effects compared to injection and packing pressures. The influence of melt 

temperature on filling ratio exhibits evident nonlinear behavior. As temperature 

increases, filling ratio initially rises then declines. This is attributed to insufficient 

material flowability at excessively low temperatures, whereas at excessively high 

temperatures, material becomes overly fluid, readily producing excessive flow or flow 

instability. Packing time exerts minimal influence on filling ratio, with curve variations 

of limited magnitude. This demonstrates that filling ratio is predominantly controlled 

by the injection stage, while packing time primarily compensates for material shrinkage. 

Mold temperature exerts significant influence on warpage deformation, exhibiting 

nonlinear variation trends. At low temperatures, warpage deformation is substantial; as 

mold temperature increases, warpage deformation rapidly diminishes. This indicates 

that reasonable elevation of mold temperature can prevent warpage deformation 

resulting from non-uniform cooling. Injection pressure demonstrates a pronounced 

influence on warpage deformation, displaying a descending trend. Higher injection 

pressure enables more uniform mold cavity filling, reducing internal stress differentials 

and thereby mitigating deformation risk. Injection speed exerts a modest influence on 

warpage deformation, presenting a gradual descending trend. Appropriately increasing 

injection speed facilitates deformation reduction by promoting uniform material filling 

and reducing non-uniform cooling risks. The packing pressure curve is relatively flat 

yet exhibits an initial decrease followed by an increase, indicating that appropriate 

packing pressure aids in warpage deformation reduction, while excessive packing 

pressure may induce additional internal stress accumulation. 

Injection pressure exerts the most pronounced influence on mold core pin loading; 

excessive pressure may cause core pin bending or damage. The influence of injection 



speed on core pin loading exhibits an initial ascending followed by a descending trend. 

Higher injection speeds may increase material impact forces, subjecting core pins to 

greater pressure; however, beyond a certain velocity threshold, pressure conversely 

decreases, potentially attributable to stabilization of material flow. 

Integrating the analytical results from Pareto charts and main effects plots yields the 

following conclusions: Injection pressure and packing pressure exert the greatest 

influence on filling ratio and core pin loading, representing the most critical process 

parameters in HMN microfluidic chip injection molding. Elevated pressure facilitates 

material filling but increases core pin loading risk; consequently, optimization must 

balance these two factors. Warpage deformation correlates closely with mold 

temperature and injection pressure. Higher mold temperatures and moderate injection 

pressures facilitate warpage deformation reduction; however, excessively high 

temperatures or pressures must be avoided to prevent increased internal material stress 

and consequent deformation. Melt temperature significantly influences filling ratio, 

warpage deformation, and core pin loading. Elevated melt temperature enhances 

material flowability, reduces warpage deformation and filling defects, while 

simultaneously preventing excessive melt impact on core pins. Mold core pin loading 

is primarily influenced by injection pressure and injection speed. High injection 

pressure and speed substantially increase impact forces experienced by core pins; 

therefore, meticulous control of these two parameters is imperative to prevent mold 

core pin damage. To conduct multi-objective optimization, it is necessary to integrate 

the weights of filling ratio, warpage deformation (a surrogate indicator for residual 

stress), and core pin pressure, determining optimal parameter combinations based on 

the influence of process parameters on these responses. According to HMN application 

requirements, structural integrity represents a crucial guarantee of functionality. 

Although reducing core pin pressure can enhance mold longevity and safety, this 

ultimately depends on core pin material strength. Consequently, the assigned weights 

are: filling ratio (0.7), warpage deformation (0.2), and core pin pressure (0.1). 

Combining the importance of the aforementioned process parameters for response 

indicators, their influence trends, and weight allocations, the optimization direction and 



response trends in this section are explicit and do not necessitate complex algorithms. 

Therefore, when prioritizing filling ratio while concurrently considering warpage 

deformation reduction and core pin pressure control, and based on the analytical results 

and selectable parameter ranges, the optimal injection molding parameter combination 

comprises: injection pressure 120–160 MPa, packing pressure 120–160 MPa, melt 

temperature 270–275°C, mold temperature 85–90°C, injection speed 40–50 cm³/s, and 

packing time 1.5–2 s. 

3.4 Molding quality of hollow microneedle array 

Hollow microneedles must possess sufficient mechanical strength during skin 

penetration to prevent fracture or deformation. Compression testing is conducted on 

HMN arrays comprising 9 needles, with mechanical performance analyzed through 

time-force and displacement-force curves. The test results are presented in Figs. 3(g) 

and (h). The figures reveal that different samples exhibit similar force growth trends 

with increasing time during compression testing, which can be described as follows: 

The initial stage is characterized by a short duration and zero displacement, indicating 

that microneedles experience negligible deformation and substantial rigidity during 

early compression. The HMN array gradually begins deforming only when the average 

test pressure reaches 2.314 ± 0.163 N, indicating that each needle withstands an average 

force of 0.257 N without deformation—exceeding the 0.2 N force required for skin 

penetration and fully satisfying safe usage requirements. The second stage 

(Acceleration stage) is when the force increases rapidly with time, indicating that 

microneedles progressively experience loading and undergo deformation. This stage 

represents a critical mechanical response phase during microneedle compression, 

wherein samples experience substantial deformation while demonstrating favorable 

compressive stress tolerance. Application of approximately 21.52 N compression force 

produces merely 0.3 mm deformation, with each needle withstanding an average force 

of 2.39 N. Importantly, the deformation-force curve remains continuous and smooth, 

indicating continuous microneedle deformation throughout testing without brittle 

fracture, fully demonstrating HMN safety during use. Finally, the plateau stage is 

reached, where force gradually stabilizes as the microneedles approach their load-



bearing limit. At this point, the system enters a stable deformation state with force 

maintaining near peak values. Furthermore, mechanical performance across different 

samples exhibits close correspondence, indicating favorable consistency in the 

microneedle manufacturing process. The favorable linear relationship between force 

and increasing time and displacement reflects the rationality of HMN array structural 

design. 

In Section 3.2, the results show that placing the HMN array at the far-gate position 

improved molding precision in the simulations (Fig. 2(d, e)), and this trend is further 

confirmed by the injection-molded HMN array shown in Fig. 4(a). In incompletely 

filled arrays, microneedles positioned closer to the cavity terminus achieve more 

complete filling and higher replication fidelity. The mechanisms underlying this 

phenomenon include: (1) During thin-walled micro-injection molding, viscous 

dissipation effects elevate melt flow front temperature, reducing melt viscosity and 

creating favorable conditions for HMN cavity filling. (2) When melt reaches the thin-

walled cavity terminus, elevated melt temperature causes rapid pressure buildup within 

the cavity, thereby enhancing microstructure filling capability at the far-gate position. 

These phenomena concurrently validate conclusions from multi-objective optimization 

of injection processes, aligning to the fact that increasing injection pressure and packing 

pressure enhances HMN filling ratios. Statistical results for HMN height reveal an 

average height of ~688.2 ± 35.99 μm for the 9 hollow microneedles within the array, 

with an intra-part CV of 5.23%. In engineering practice, CV < 5% indicates excellent 

sample consistency, while HMN microfluidic chip injection molding achieves good 

consistency levels. Conversely, statistical analysis of 3 array groups yields an inter-

batch CV of 0.76%, demonstrating exceptionally high sample consistency and 

reflecting the process stability advantages of HMN microfluidic chip injection molding. 

Characterization results for HMN base diameter, internal diameter, and inter-needle 

spacing are presented in Fig. 4(b). The average HMN base diameter is 503.5 ± 4.8 μm 

(design base diameter: 500 μm), and the average internal diameter is 237 ± 0 μm (design 

internal diameter: 240 μm), demonstrating high injection mold and molding precision. 

However, inter-needle spacing exhibits substantial fluctuation, with an average spacing 



of only 40 ± 9.68 μm μm (design spacing: 60 μm). Based on the characterization results, 

the optimal injection process parameter combination comprises: injection speed 60 

cm³/s, injection pressure 1550 bar, packing pressure 1600 bar, melt temperature 280°C, 

mold temperature 90°C, and packing time 3 s. 

 

Fig. 4. Morphological characterization, dimensional analysis, and microfluidic integration of HMAs. 
(a) Effect of melt flow direction on microneedle morphology during injection molding. This 



positional variation demonstrates the critical influence of runner design and gate location on 
replication fidelity across the array. (b) Microscopy images of hollow microneedles show 
dimensional measurements of key features. The outer and inner diameter of microneedles are 
accurate, and the size between mandrels fluctuates, which is mainly caused by machining 
positioning. (c) Multi-parameter process monitoring curves during a complete molding cycle. The 
graph displays temporal evolution of mold position (blue), clamping force (yellow), injection flow 
rate (pink), and screw back force (olive green). (d) Three-dimensional optical profilometry and 
height profile of a single microneedle, which visualizes the conical geometry with smooth surface 
topology. (e) Comprehensive morphological characterization of the μICM microneedle array. The 
high-fidelity replication across all features confirms the efficacy of the optimized μICM process. (f) 
Three microfluidic device configurations for different application scenarios. Case I: Compact design 
for in-situ detection. Case II: Passive fluid delivery via capillary action. Case III: The incorporated 
blotting paper to regulate flow rate. (g) Contact angle measurements of the fabricated HMN 
substrate using different testing media: (i) deionized water and (ii) artificial blood. (h) Schematic 
illustration of fluid flow behavior in a rectangular microchannel. (i) Four flow scenarios based on 
contact angle relationships at opposing channel walls. 

Based on the optimal injection molding process parameter combination, the 

compression stage is introduced according to the process specifications in Table 1. The 

real-time injection machine parameter curves and the HMN ultra-depth characterization 

results are presented in Figs. 4(c) and (d). There, the actual injection machine 

compression distance exceeds the set value of 1 mm by ~0.4 mm. It is known that 

compression distance control precision primarily depends on the control precision of 

the injection machine's main hydraulic cylinder for mold closing position. Given the 

tonnage of the Arburg 370S precision injection machine, this positional accuracy is 

considered as ideal. Upon inspection, HMNs fabricated via injection-compression 

molding exhibit an average height of ~738.05 ± 67.11 μm with an intra-part CV of 

8.57%, demonstrating favorable stability of the HMN microfluidic chip injection-

compression molding. Compared to injection molding processes, the HMN height 

increases by approximately 6.75%, while injection pressure decreases from 1450 bar to 

1300 bar (~10%), proving that injection-compression molding protects core pins while 

it enhances replication fidelity. Certain HMNs achieve heights up to 830 μm, with both 

average and maximum heights representing ideal dimensions for dermal ISF extraction, 

as illustrated in Fig. 4(e). The filling yield of the optimized HMN fabrication process is 

further evaluated over more than 50 micro-injection-compression molding cycles. Here, 

the filling yield is defined as the percentage of molded HMN arrays in which all 



microneedles are formed to a stable size almost completely, with no significant defects 

such as incomplete filling, missing needles, or short-shot under optical inspection. 

According to this criterion, the optimized process achieves a filling yield above 94%, 

indicating good reproducibility for HMN array fabrication. Other well-formed HMN 

arrays and typical defects observed during process optimization, including incomplete 

filling and short-shot defects, are shown in Fig. S1. 

3.5 ISF collection chip design and microelectrode bonding 

Capillary action force is sufficient to meet ISF extraction requirements. However, its 

collection efficiency cannot match that of the external driving devices. Nevertheless, 

we need to ensure portability and ease of use of the entire driving apparatus, thus the 

capillary-driven systems possess unparalleled advantages for driving system design 

compactness and integration. To screen microfluidic structures suitable for different ISF 

sampling requirements, three chip configurations are designed and compared (see Fig. 

4(f)): Case I, based on in-situ detection; Case II, based on comb-structured capillary 

pumps; and Case III, based on capillary diffusion principles. These designs are 

evaluated as candidate structures for rapid priming, passive delivery, and larger-volume 

collection. 

Case Ⅰ is designed based on in-situ detection, aiming to directly perform on-chip in-situ 

analysis of ISF extracted by microneedles, thereby reducing contamination and errors 

arising from sample transfer. Microneedles connect to a storage chamber that guides 

liquid to the detection region through capillary action. The detection region is 

positioned directly above the HMN array to minimize sample loss during flow. Due to 

its small volume and light weight, this design is suitable for rapid diagnostics and 

wearable applications requiring real-time analysis.  

Case Ⅱ employs a comb-structured capillary pump configuration, utilizing surface 

tension and capillary forces to propel ISF along specific pathways. The HMN array 

connects to the storage chamber through microchannels. Comb-structured capillary 

pumps are integrated along the microchannels to sustain liquid flow. The comb-shaped 

design of the capillary pump provides increased fluid contact area, facilitating sustained 

liquid flow and ensuring smooth liquid transport to the storage chamber.  



Case Ⅲ drives ISF flow within the chip through capillary diffusion. The liquid travels 

along microchannels from the HMN array to reach the storage chamber, which 

simultaneously functions as the detection chamber. The chip's HMN array connects to 

the storage chamber via microchannels designed to promote liquid diffusion and 

gradual transport. The device can exploit externally applied negative pressure or 

internal capillary action to enhance liquid flow, making it more suitable for prolonged 

continuous monitoring. 

Whether HMN microfluidic chips can accomplish ISF extraction through capillary 

driving force depends critically on the hydrophilicity/hydrophobicity of chip materials. 

Prior to artificial blood extraction capability testing, contact angles between water and 

artificial blood with PMMA chips are measured (see Fig. 4(g)). The contact angles 

between water and artificial blood with PMMA chips are 68.76 ± 1.1° and 57.53 ± 1.3°, 

based on five repeated measurements. This shows that PMMA is a hydrophilic material 

possessing the fundamental capability to directly accomplish ISF extraction through 

capillary action. Compared to water, the chip exhibits greater capillary driving force for 

artificial blood, establishing a foundation for ISF extraction. In three-dimensional space, 

the liquid contact angle θ represents the angle between the liquid-solid interface and the 

liquid-gas interface in three-dimensional space. The expansion angle β affects the 

interfacial shape in the liquid advancing direction, which can be understood as the 

liquid's “effective contact angle” in three-dimensional space increasing by β, as 

illustrated in Fig. 4(h). In three-dimensional space, for liquid to continue advancing, its 

effective contact angle θ+β must be less than 90 degrees. That is: 

 
o< 90 +
 

(4) 

After adjusting, it will be： 

 
o< 90 −

 
(5) 

Consequently, when the expansion angle satisfies this condition o< 90 − , liquid can 

overcome capillary resistance to continue advancing. Otherwise, it will halt at the 

expansion point. In practical applications, when liquid flows from narrow channels to 

wide channels, capillary pressure decreases significantly due to increased channel 



radius. If capillary pressure at this juncture is insufficient to overcome liquid viscous 

resistance and flow resistance, liquid will cease flowing at the interface, forming a stop 

valve, as illustrated in Fig. 4(i). At one end within the HMN lumen chip (β = 90°), 

absolute capillary stop valve conditions are constituted. Consequently, absorbent paper 

is placed within the HMN array region to modify this condition. 

Bonding of these chips is entirely accomplished using patterned microelectrode 

bonding technology. This represents the first application of this novel microfluidic chip 

bonding technique to chips featuring complex microstructures rather than merely 

single-channel technical validation. 

Among the three proposed application cases, chips differ in structural dimensions and 

microstructure distribution. Therefore, different microelectrode and bonding process 

combinations is designed according to chip structure. Microelectrode fabrication is 

carried out using the same mask-template-assisted electrodeposition route reported in 

our work [46], but with a geometry tailored to the present chip design. Briefly, a laser-

patterned PET mask is used to define the microelectrode layout on a stainless-steel 

cathode, after which nickel is electrodeposited. The fabricated microelectrodes are 

further characterized by optical microscopy, 3D surface profilometry, infrared 

thermography, and four-point-probe conductivity measurements, confirming their 

dimensional fidelity, uniform morphology, stable heating behavior, and reproducible 

electrical performance. The detailed fabrication and characterization results are 

provided in Supplementary Fig. S2. According to different presentation schemes for 

ISF analysis platforms, the designed microelectrodes are illustrated in Fig. 5(a). 

This experiment comparatively analyzed microelectrode design schemes for two 

different ISF extraction platforms, fabricating microelectrodes through 

electrodeposition processes followed by chip bonding. The objective is to evaluate the 

influence of different bonding processes on microelectrode structural integrity and 

bonding quality. Microelectrodes fabricated via electrodeposition according to different 

bonding schemes are illustrated in Fig. 5(b). The figure demonstrates that depending to 

different microfluidic chip structures, varying quantities of microelectrodes can be 

deposited on identically sized (4-inch) stainless steel cathode plates. For chips based on 



in-situ detection principles, at least 12 microelectrodes can be simultaneously formed. 

For chips based on capillary pump or diffusion principles, 7 microelectrodes can be 

formed per batch. Specifically, microelectrode fabrication efficiency varies with chip 

dimensions, sealing methods, and cathode plate size. Fig. 5(b) reveals that different 

microelectrodes exhibit sharp edges, smooth surfaces, and shapes fundamentally 

consistent with mask template designs, indicating well-controlled electrodeposition 

processing. 

Chips bonded according to different dimensions and microelectrode bonding schemes 

are illustrated in Fig. 5(c). These images reflect differences in the physical appearance 

of bonded chips as well as the transparency and boundary clarity of electrode regions. 

Experimental results further indicate that increasing chip dimensions negatively affects 

bonding uniformity and strength. Due to their larger area, larger chips are prone to 

temperature gradients during molten material cooling, causing non-uniform stress 

distribution and thereby affecting bonding uniformity. Small-dimension chips perform 

favorably in this regard, exhibiting virtually no visible bubbles or voids after bonding. 

Simple-structure electrode designs are more suitable for fusion bonding processes, 

since their short and regular flow channels enable better control and avoidance of 

thermal stress concentration phenomena during bonding. Complex-structure electrode 

designs require more precise electrode fabrication processes and dimensional control. 



 

Fig. 5. Integrated microfluidic-microelectrode platform and in ex vivo validation of microneedle 
array performance. (a) Microelectrode bonding schemes with different chip structures. (b) Different 
types of masks and microelectrodes showcase strategies for the electrodeposition fabrication of 



patterned microelectrodes. (c) Comparison of appearance and dimensions of HMN-based ISF 
extraction platform after microelectrode bonding. (d) Mechanical porcine skin insertion force-time 
curves for eight replicate tests. The narrow distribution of peak forces demonstrates excellent 
mechanical reproducibility essential for reliable clinical application. (e) Force-displacement 
relationships during porcine skin insertion. The consistent mechanical response confirms uniform 
array geometry and predictable penetration dynamics across multiple samples. (f) Ex vivo 
penetration testing on fresh porcine skin. The clean, uniform penetration marks without surrounding 
tissue damage confirm successful microneedle insertion and withdrawal, validating the mechanical 
design for transdermal applications. (g) Time-resolved visualization of passive liquid transport in 
three chip configurations. (i) Rapid filling of the in-situ detection cavity. (ii) Passive capillary-driven 
transport in the comb-structured capillary pump over 30 min. (iii) Enhanced passive collection using 
blotting paper as an auxiliary capillary-driving component over 15 min. The results compare the 
priming behavior, transport stability, and relative collection capacity of the three candidate designs 
under an abundant artificial blood supply. 

Furthermore, microelectrodes of different dimensions exhibit differences in bonding 

process parameters. Bonding experimental results reveal that Case Ⅰ achieves an 

average bonding voltage of 2.3 V, while Case Ⅱ requires 3 V, with bonding time and 

bonding pressure both at 40 s and 80 kPa, respectively. According to Joule's law, when 

current passes through a resistor, the generated heat Q is proportional to the product of 

current I, resistance R, and time t. For smaller electrodes with identical cross-sectional 

area and shorter length, resistance is relatively lower. Evidently, the small electrodes of 

Case Ⅰ can reach equivalent bonding temperatures at lower voltages. Lower process 

parameter levels imply potentially easier implementation with superior process 

windows and repeatability. 

To further assess the manufacturability of the proposed platform, fabrication time and 

preliminary economic cost are considered. The validation mold used in this work is a 

two-cavity mold that produced the molded components required for one complete 

device per injection cycle. The mold fabrication cost is approximately US$3,550, and 

the injection molding cycle time is 35 s. For industrial production, especially for the 

compact Case I structure, the mold could be redesigned with tens of cavities to enable 

parallel production. This would reduce the effective molding time per device to the 

order of seconds to tens of seconds. In addition, the mold cost would be amortized over 

the total production volume, causing the mold-related cost per device to decrease 

substantially with scale. 



The laboratory-scale microelectrode fabrication process currently requires 

approximately 5 min per electrode. However, this process is compatible with batch 

electrodeposition, and the unit fabrication time and cost could be further reduced 

through parallel processing and automated handling. Excluding equipment depreciation, 

labor, packaging, sterilization, quality-control rejection, regulatory validation, and 

supply-chain costs, the scaled consumable and process cost of the Case I device is 

expected to be on the order of several tens of cents per unit.  

3.6 Interstitial Fluid Collection Application Performance Analysis 

Transdermal staining methodology is employed to evaluate the skin penetration 

performance of HMN arrays. Single-array mechanical testing results from 8 replicates 

are presented in Fig. 5(d-e). Based on these results, the penetration process can be 

divided into two functional stages. In the initial stage, force values across all test curves 

remain relatively low (within 2 N). At this juncture, microneedles can be initiating 

contact with porcine skin. This stage is characterized by short duration and negligible 

displacement, indicating that notable porcine skin penetration has not yet occurred. The 

second stage (acceleration stage) begins when the average test force reaches 2.05 ± 0.02 

N and the compression tester gradually detects displacement, indicating that the 

microneedles have penetrated the porcine skin. At this point, each needle withstands an 

average force of 0.228 N (comparable to the reported porcine skin penetration force of 

0.21 N). The average force at which HMN deformation occurs is 0.257 ± 0.024 N, 

clearly demonstrating that HMNs can penetrate skin without undergoing deformation. 

During this stage, most experimental curves exhibit steep ascending trends, 

corresponding to deeper microneedle penetration with increasing force due to resistance 

encountered from deeper skin tissue layers. With increasing penetration depth, force 

values rise significantly, reflecting progressive HMN array insertion into skin and the 

resulting greater deformation resistance. At this stage, curve distributions among 

different experimental groups become more dispersed, revealing differences in force 

responses under varying penetration conditions. For example, Test 2 exhibits a sudden 

force increase during the intermediate stage, while Test 6 shows a more gradual force 

elevation. Notably, after multiple repeated porcine skin insertion tests, the HMN array 



exhibits no significant deformation or fracture, clearly demonstrating sufficient 

mechanical strength and performance for skin penetration. 

Fig. 5(f) presents the morphology before and after penetration staining experiments on 

porcine skin using HMN arrays. Ink penetrates skin tissue, by observing post-

penetration staining patterns, one can determine whether successful penetration 

occurred in each attempt. To quantitatively assess penetration performance, 

mathematical statistical methods are utilized to analyze staining success rates across 9 

replicate penetration experiments, evaluating HMN effectiveness and penetration 

consistency. Statistical results reveal that among 81 total test points, 77 exhibited 

successful staining (4 failed). yielding a success rate of ~95%. This demonstrates that 

the HMN array exhibits high repeatability and consistency in penetration behavior 

within porcine skin. Despite the high overall success rate, 4 penetration points failed to 

achieve successful staining, primarily occurring in Tests 4, 6, and 7. Potential causes of 

localized penetration failure include local non-uniformities in porcine skin surface 

characteristics such as thickness, and hardness, which may increase penetration 

difficulty in certain regions and prevent successful tissue puncture. 

Next, we performed experiments using microfluidic chips with three different structural 

designs to test artificial blood extraction performance. It should be noted that this 

experiment is designed to compare passive transport and collection behavior under an 

abundant artificial blood supply. Therefore, the time scale in Fig. 5(g) should not be 

interpreted as the time scale for in vivo dynamic monitoring, which would require time-

resolved ISF collection validation. During the experiments, all chips had identical 

materials, microneedle geometries, and microfluidic channel designs to ensure result 

comparability. Notably, the testing experiment provides abundant artificial blood supply. 

In in vivo applications, however, ISF typically requires extended time to accumulate 

toward the HMN region. Consequently, time results from extraction capability 

comparison experiments cannot be used to evaluate in vivo application timescales. 

Nevertheless, comparing absorption efficiency and optimizing microfluidic chip 

structures to enhance absorption stability remains beneficial. Sampling is conducted at 

0, 1, 3, 5, 300, 600, 900, and 1800 s post-experiment initiation to observe and record 



ISF extraction status at different time points. The test results are presented in Fig. 5(g). 

For the in-situ detection scheme, artificial blood is observed to have flowed into and 

completely filled the entire HMN posterior cavity within 5 s, demonstrating rapid liquid 

absorption velocity, which clearly demonstrates its suitability for POCT and micro-

volume analysis applications. 

The comb-structured capillary pump also fills the entire HMN posterior cavity by 5 s. 

However, during the subsequent 5-minute interval, noticeable liquid inflow phenomena 

gradually emerge at the comb-structured capillary pump location. By 15 min, liquid 

coverage length along the channel increases. Even after 30 min, the third and upper 

capillary branches remains largely unfilled. This behavior can be attributed to 

preferential flow through the lower pathways, which provides lower hydraulic 

resistance and a more continuous capillary pressure gradient. After the lower branches 

were filled, the remaining capillary pressure was insufficient to overcome the entry 

resistance, contact-line pinning, and possible air retention at the upper branch entrances. 

These results indicate that the vertically arranged parallel capillary structure is not 

essential for the final chip design and may introduce non-uniform flow distribution. 

For the capillary diffusion scheme, liquid inflow into the diffusion region is clearly 

observed within 5 min, approaching maximum extraction volume within 10 min and 

stabilizing after 15 min. The dual-driving mechanism (capillary force and diffusion 

force) of the capillary diffusion pump scheme effectively enhances liquid collection 

efficiency while enabling collection of relatively large liquid volumes without external 

pumps. It possesses evident advantages in rapid sampling applications. 

To further evaluate the applicability of the HMN platform under in vivo skin conditions, 

ISF extraction is performed on mouse dorsal skin using the Case I. The HMN collection 

patch is attached to the shaved dorsal skin (Fig. S3 (a, b)). At the beginning of the test, 

no visible liquid accumulation was observed in the collection region. After 10 min, 

liquid gradually appeared in the collection chamber, and further accumulation was 

observed after 30 min. These results demonstrate that the Case I can extract ISF from 

living skin under short-term in vivo conditions. The local skin response after device 

removal is also examined. Immediately after patch removal, localized insertion marks 



were visible within the treated area (Fig. S3 (c)). These marks gradually weakened 

within 1-30 min, and no obvious macroscopic bleeding was observed during the 

recovery period. This rapid visual recovery indicates that the HMN insertion caused 

only limited short-term skin disruption under the tested conditions. Together with the 

ex vivo porcine skin insertion results and artificial blood transport experiments, the in 

vivo mouse study provides additional evidence supporting the feasibility of the HMN 

platform for ISF collection. H&E-stained cross-sections further confirmed localized 

penetration tracks at the insertion sites (Fig. S3 (d)), supporting the ability of the HMNs 

to penetrate skin tissue and establish an extraction pathway for ISF collection. Although 

the in vivo mouse experiment strengthens the evidence for short-term ISF extraction, it 

should not be interpreted as full validation of long-term wearable use. Practical long-

term application will require further evaluation of repeated insertion, adhesion stability, 

motion-induced disturbance, skin irritation, infection risk and sampling stability over 

extended periods. In addition, the present work focuses on the manufacturing and 

functional validation of the ISF extraction prototype. Quantitative sensing will require 

integration with an analyte-specific electrochemical or optical transduction module, 

followed by calibration, selectivity, interference, drift and long-term stability tests. 

These issues will be addressed in future work toward a fully integrated ISF sensing 

platform. 

In summary, the three chip designs show distinct passive transport behaviors. Case I is 

suitable for rapid priming and micro-volume in-situ detection. Case II increases the 

available capillary transport area but shows non-uniform filling in the vertically 

arranged parallel channels. Case III provides faster and more stable passive collection 

under the tested conditions, making it the preferred configuration for subsequent larger-

volume ISF collection applications. 

4 Conclusions and prospects 

In this work, we systematically investigated the influence of mold structural design, 

gating system layout, and process parameters on HMN array molding quality. We 

discovered that positioning HMN arrays at far-gate locations substantially improves 

filling performance. The mechanism underlying this counterintuitive phenomenon is as 



follows: melt at distal regions experiences longer flow paths, where viscous dissipation 

elevates polymer temperature, leading to lower viscosity. Simultaneously, more rapid 

melt pressure elevation is achieved, which promotes complete microstructure filling. 

More importantly, this layout effectively reduces impact forces experienced by core 

pins, thereby extending the mold's service life. When optimizing microstructure 

injection molding processes, the interconnected effects of multiple parameters on 

different performance indicators must be comprehensively considered. This approach 

resolves critical issues such as incomplete filling and poor molding stability of HMN 

arrays during injection molding. The discovery of enhanced distal microstructure 

molding capability expands micro-injection molding theory and provides novel design 

insights for molding high-aspect-ratio microstructures. The scalability analysis further 

indicates that multi-cavity mold design and batch microelectrode fabrication could 

support low-cost and high-throughput production of HMN-based ISF collection devices. 

Additionally, we proposed a design scheme for ISF extraction HMN microfluidic chips 

and developed a fabrication process for ISF microfluidic platforms. HMNs with heights 

of ~800 μm enable safe ISF collection with success rates of ~95%. Our chips were 

fabricated using patterned microelectrode bonding processes, which simultaneously 

validated the microelectrode fabrication process and its application in complex 

microchannel sealing. This technology is applicable to ISF collection platforms 

designed based on in-situ detection principles. Compared to negative pressure devices 

or capillary pump designs, in-situ detection demonstrates significant advantages in time 

efficiency and effectiveness. 

In summary, this work demonstrates the feasibility of scalable fabrication and 

application of HMN-based health monitoring chips. Future integration of bonding 

electrodes with detection electrodes or enhancement of their versatility would 

substantially expand the scope of microfluidic chip applications in biomedical domains. 
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