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Abstract 
Traumatic brain injury (TBI) and neurodegenerative disorders—including 
stroke, Parkinson’s disease, and Alzheimer’s disease—present significant 
therapeutic challenges due to their complex pathology and the limitations 
of current drug delivery systems. A major obstacle is the blood-brain 
barrier (BBB), which restricts the passage of brain-healing compounds 
(neurorestorative agents), reducing their therapeutic potential. This paper 
introduces the Brain-Enhancing Embedded Device with Localized 
Efficiency (BEEDLE), a microneedle-based implant designed to overcome 
these limitations by enabling precise, sustained drug delivery to brain 
regions that support regeneration, such as the hippocampus and  
subventricular zone (neurogenic niches). BEEDLE bypasses the BBB, 
allowing direct administration of nerve growth–promoting molecules 
(neurotrophic factors), anti-aging cell-clearing drugs (senolytic agents), 
and neurotransmitter regulators (stabilizers) to promote the growth of new 
neurons (neurogenesis), strengthening of neural connections (synaptic 
plasticity), and the formation of new blood vessels (angiogenesis). 
BEEDLE uses a phased-release mechanism featuring a rotating drug 
cartridge and microcontroller-regulated dosing to optimize outcomes while 
minimizing side effects.  

Preliminary validation through mechanical simulations confirms 
accurate drug targeting, with microneedle penetration and displacement 
tests showing minimal tissue damage. Computational models further 
support BEEDLE’s ability to control drug spread over time 
(time-dependent diffusion), highlighting its promise for precisely targeted 
brain repair. This study evaluates BEEDLE’s potential to transform 
treatment for TBI and other neurodegenerative diseases. By focusing drug 
delivery at the source of damage (localized biochemical intervention), 
BEEDLE offers a powerful alternative to traditional whole-body 
(systemic) treatments and current brain stimulation methods 
(neuromodulation). Future versions will aim to miniaturize the device, 
enhance drug packaging methods (encapsulation), and integrate biosensors 
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for real-time adaptive dosing. Combining biomedical engineering, 
neuropharmacology, and electronic control, BEEDLE represents a scalable 
and customizable advance in long-term brain repair (neurorehabilitation). 
  
 
1. Introduction 
Traumatic brain injuries (TBIs) affect nearly 49 million people worldwide, 
with treatment costs ranging from $85,000 to $3 million per patient (Guan 
et al., 2023; Egenberg Trial Lawyers, 2022). TBIs result in both primary 
mechanical injury and secondary neurodegeneration, the latter involving 
cellular senescence, chronic neuroinflammation, oxidative stress, and 
apoptosis (Sahel et al., 2019; Shao et al., 2022; Ng & Lee, 2019; Wu et al., 
2022). The primary phase of TBIs occurs at the moment of impact, 
causing immediate damage to brain tissue through direct force application, 
rotational acceleration, or rapid deceleration. This mechanical disruption 
leads to the shearing of axons, vascular damage, immediate neuronal 
destruction, synaptic dysfunction, and metabolic disturbances that set the 
stage for secondary injuries (Logsdon et al., 2015; Hoffe & Holahan, 
2022; Srihagulang et al., 2021). The secondary phase of neuronal injury, 
occurring over hours to weeks after an initial insult, involves molecular 
and cellular cascades that exacerbate neuronal loss. Persistent 
neuroinflammation, mitochondrial dysfunction, and epigenetic 
modifications contribute to this process. Targeting pathways such as 
CX3CR1 modulation, mitochondrial protection, and HDAC2 inhibition 
have shown the potential to mitigate neurodegeneration and enhance 
recovery (Ertürk et al., 2016; Davidson et al., 2021; Lin et al., 2017). 
Additionally, MMP-9 inhibition may reduce BBB disruption and improve 
outcomes (Hadass et al., 2013). However, delivering these therapeutics 
effectively remains a challenge. 

A major limitation in neurorestorative treatment is crossing the highly 
selective blood-brain barrier (BBB), which blocks 95% of therapeutic 
molecules from entering the brain (Achar et al., 2021; Dong, 2018). The 
BBB, composed of specialized endothelial cells with tight junctions, 
restricts paracellular permeability and blocks neurotoxic components, 
blood cells, and pathogens (Ayloo & Gu, 2019; Sweeney et al., 2019). It 
maintains homeostasis through selective molecular transport via carriers, 
ion channels, and receptor-mediated transcytosis, while low vesicle 
trafficking minimizes non-specific transcytosis, preserving barrier integrity 
(Ayloo & Gu, 2019; Saunders et al., 2016). However, this protective 
function of BBB also impedes the delivery of many potentially beneficial 
drugs, including neurotrophic factors, anti-inflammatory agents, and 
senolytic compounds (Patel & Patel, 2017). Existing solutions, such as 
deep brain stimulation (DBS), vagus nerve stimulation (VNS), and 
systemic drug delivery, offer symptom management rather than true 
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neuroregeneration (Xu et al., 2024; Neren et al., 2016; Haneef & Skrehot, 
2023). Recent research has explored nanoparticle-based drug carriers, 
receptor-ligand conjugates, and ultrasound-mediated permeability 
modulation to enhance drug penetration, but these approaches remain 
limited in precision and long-term efficacy (Li et al., 2021). 
Despite these advancements, no single existing technology effectively 
combines precise, localized drug delivery with long-term therapeutic 
control (Vora et al., 2020).  

To address these challenges, we developed BEEDLE 
(Brain-Enhancing Embedded Device with Localized Efficiency), a 
microneedle-based implantable device for precise, localized 
neurorestorative therapy. Unlike systemic drug delivery, BEEDLE’s 
phased-release mechanism administers neurotrophic factors, senolytic 
agents, and neurotransmitter stabilizers directly into neurogenic regions 
such as the hippocampus and subventricular zone (SVZ). By bypassing the 
BBB, BEEDLE enables sustained, controlled drug release while 
minimizing systemic side effects. The device incorporates an advanced 
microneedle array that allows direct drug administration into neurogenic 
niches, ensuring targeted intervention. Its automated cartridge system 
regulates phased drug delivery over extended periods, enhancing 
therapeutic control. Furthermore, the modular nature of BEEDLE enables 
customization for different neurodegenerative conditions, making it 
adaptable beyond TBI treatment. Its minimally invasive design reduces the 
need for repeated interventions, offering a patient-friendly alternative to 
conventional neuromodulation therapies. However, as with any 
implantable brain device, ethical considerations—such as long-term safety, 
equitable access, and the risk of cognitive or behavioral modulation—must 
be carefully addressed through preclinical testing and transparent 
regulation. 

Neurogenesis, the process of generating new neurons, occurs primarily 
in two key regions: the hippocampus and the subventricular zone (SVZ) 
(Ming & Song, 2011). These regions are critical for cognitive function, 
neuroplasticity, and the brain’s ability to recover from neurological 
conditions (Dennis et al., 2016). Within the hippocampus, the subgranular 
zone (SGZ) of the dentate gyrus serves as a key neurogenic niche. 
Neurogenesis in this region is closely associated with learning, memory 
formation, and stress recovery (Montalbán-Loro et al., 2021). Located 
along the lateral ventricles, the SVZ is another highly neurogenic region, 
continuously generating new neurons that migrate to the olfactory bulb 
and potentially other brain regions (Shabani et al., 2020). This process is 
regulated by a complex microenvironment of neural stem cells, astrocytes, 
and vascular components, which modulate neurogenic capacity (Platel & 
Bordey, 2016). Neurogenesis is regulated by both intracellular and 
extracellular signals, including nicotinic acetylcholine receptors, 
cytokines, and extracellular vesicles, which influence stem cell 
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differentiation and integration into neuronal circuits (Shabani et al., 2020). 
However, neurogenesis capacity declines significantly with age, limiting 
the brain’s ability to self-repair (Miranda et al., 2019).  

BEEDLE is designed to enhance neurogenesis by delivering key 
neuroregenerative compounds, including MFG-E8 (Milk Fat Globule-EGF 
Factor 8), brain-derived neurotrophic factor (BDNF), and Ginsenoside 
Rg1. MFG-E8 promotes neurogenesis by stimulating neural stem cell 
migration and differentiation via integrin αvβ3/αvβ5 (alpha-v beta-3 and 
alpha-v beta-5 signaling) signaling, which is crucial for restoring impaired 
neurogenesis in neurodegenerative diseases like Alzheimer’s disease and 
Parkinson’s disease (Cheyuo et al., 2019). Additionally, it reduces 
neuroinflammation by enhancing the phagocytic clearance of apoptotic 
neurons and supports vascular repair by promoting VEGF-dependent 
neovascularization, improving cerebral blood flow and neuronal survival 
(Silvestre et al., 2005). MFG-E8 also provides neuroprotection by 
reducing neuronal apoptosis through the integrin β3/FAK/PI3K/AKT 
(Integrin beta-3/Focal Adhesion Kinase/Phosphoinositide 
3-Kinase/Threonine Kinase) signaling pathway. This mechanism is 
particularly beneficial following traumatic brain injury, as it decreases 
brain edema and improves neurological outcomes (Gao et al., 2018). 

Similarly, brain-derived neurotrophic factor (BDNF) enhances 
neurogenesis by promoting neural stem cell proliferation and 
differentiation via TrkB signaling, while strengthening synaptic plasticity 
by supporting dendritic growth and neurotransmitter regulation 
(Numakawa & Kajihara, 2023). BDNF enhances synaptic plasticity by 
modulating synaptic transmission and long-term potentiation (LTP), 
particularly in the hippocampus (Leal et al., 2014). This is achieved 
through the activation of TrkB receptors, which influence protein synthesis 
and synaptic proteome regulation (Yamada & Nabeshima, 2003). The 
BDNF/TrkB signaling pathway is a potential target for therapeutic 
strategies aimed at mitigating cognitive decline and neurodegenerative 
diseases. Another Ginsenoside Rg1 contributes to neuronal protection by 
shielding against apoptosis and oxidative stress by modulating pathways 
such as Nrf2/ARE and Wnt/GSK-3β/β-catenin, enhancing antioxidant 
defenses, reducing inflammation, and aiding in cognitive functions such as 
learning and memory (Chu et al., 2018; Shi et al., 2010). Furthermore, 
these compounds initiate angiogenesis by activating the VEGF pathway, 
stimulating new blood vessel formation, improving circulation, and 
enhancing oxygen and nutrient delivery to neurons (Chen et al., 2019). 
Collectively, these biochemical therapies create a neurogenic, angiogenic, 
and neuroprotective environment, facilitating brain recovery and 
improving cognitive outcomes in traumatic brain injury (TBI) and 
neurodegenerative disorders. 

Beyond TBI, BEEDLE’s therapeutic potential extends to a range of 
neurodegenerative and mood disorders, including Alzheimer’s disease, 
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Parkinson’s disease, stroke, and depression. These conditions share 
overlapping genetic and molecular mechanisms, including chronic 
neuroinflammation, dopaminergic dysfunction, and neuronal loss (Tanaka 
et al., 2020; Reynolds et al., 2022; Ruffini et al., 2020). Existing treatments 
focus on symptom management rather than reversing neurodegeneration, 
leaving patients with limited long-term recovery options (Galts et al., 
2019; De Marchi et al., 2023; Tan et al., 2019). BEEDLE addresses this 
gap by targeting disease-specific pathways to promote neuronal survival 
and synaptic repair. 

While BEEDLE presents a promising approach for multiple 
neurological conditions, its initial implementation focuses on traumatic 
brain injury (TBI) patients under the age of 65, particularly within the 
Canadian healthcare system. This population was selected due to the high 
incidence of TBI in Canada—estimated at 165,000 new cases annually 
(Parachute Canada, 2022)—and the steep decline in neurogenesis capacity 
with age, which limits the effectiveness of regenerative therapies in older 
adults (Miranda et al., 2019). Canada’s publicly funded, universally 
accessible healthcare system supports equitable deployment of advanced 
technologies like BEEDLE by reducing cost barriers and centralizing 
long-term care (Rowe, 2023). Moreover, Canada's national data 
infrastructure and post-acute rehabilitation network offer a strong 
foundation for early-stage trials and longitudinal tracking. 
 

 
FIGURE 1. Hippocampal Shrinkage Revealed by MRI Scan (Mayo Clinic, n.d.) 
 
 

By focusing on younger TBI patients in a system optimized for 
innovation and accessibility, BEEDLE maximizes its neuroregenerative 
potential, improving functional recovery and cognitive outcomes. While 
this study emphasizes Canadian feasibility, BEEDLE’s modular design 
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and automated dosing system can be adapted to other healthcare contexts. 
Its scalable format may support integration into diverse care models, 
including insurance-based systems in the U.S. and hybrid public-private 
systems globally. This ensures that findings from Canadian 
implementation may serve as a blueprint for broader adoption. Although 
initially developed for TBI, BEEDLE’s customizability allows expansion 
to other neurodegenerative conditions, such as Alzheimer’s disease, 
Parkinson’s disease, and stroke recovery—reinforcing its long-term 
relevance in global neurorehabilitation strategies. 

Given the multifaceted challenges associated with TBI-induced 
neurodegeneration, an effective therapeutic approach must address both 
cellular dysfunction and drug delivery limitations. BEEDLE represents a 
novel intersection of biomedical engineering, neuropharmacology, and 
electronic control, offering a scalable and customizable neurorestorative 
solution. This paper will evaluate BEEDLE’s design, including its 
automated drug-release mechanism, microneedle penetration accuracy, 
and phased drug diffusion. It will also assess BEEDLE’s impact on 
neurological recovery, particularly in TBI, stroke, Parkinson’s, and 
Alzheimer’s disease. Additionally, this study will compare BEEDLE with 
existing neuromodulation techniques and traditional drug delivery methods 
while exploring future directions such as miniaturization, biosensor 
integration, and advanced drug stabilization strategies. By bridging 
biochemical neuroregeneration with precision engineering, BEEDLE has 
the potential to revolutionize neurorestorative medicine, transforming how 
TBI and neurodegenerative disorders are treated. 

 
 

2. Methodology 
2.1 Preparation and Setup 
2.1.1 Brain Model Setup 
To construct the simulated brain model for microneedle penetration 
testing, 800 (± 10) mL of gelatin mixture was prepared and poured into a 
brain-shaped silicone mold. The gelatin was left to set for 24 hours at 4 (± 
1)°C to maintain structural integrity and prevent premature degradation. 
The mold dimensions, 24.89 cm  17.78 cm  8.13 cm, were selected to 
mimic realistic brain proportions, ensuring proper interaction with 
BEEDLE’s microneedle array. This was replicated five times for five trials. 
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2.1.2 Head Model Setup 
 

 
 
 
A 300 mm tall, 240 mm wide, and 225 mm deep, 3D-printed head 

model (Figure 2) was fabricated over 1 day, 8 hours, and 40 minutes to 
provide a structured multi-layered framework simulating the composition 
of a human head. The left hemisphere of the model featured a grid system 
with cranial fenestrations, which served as attachment points for securing 
the layered tissue components, while the right hemisphere contained a 
cavity to accommodate the gelatin brain model. A flat surface positioned 
at eye level was incorporated at the center to serve as a stable base for 
securing the gelatin model during trials. 

The simulated head model was designed to replicate the biomechanical 
properties of the scalp, skull, and underlying brain tissue, incorporating 
four distinct layers to mimic anatomical structures. The outermost layer 
consisted of a 1 mm thick artificial epidermis, which was cut to conform to 
the curvature of the 3D-printed head and securely attached as the topmost 
layer. Beneath this, a 2 mm thick ballistic gel layer was prepared by 
dissolving the material in hot water per manufacturer instructions and 
pouring it into a shallow mold to replicate connective tissue. The third 
layer, representing the aponeurosis and pericranium, was constructed using 
1.5 mm thick neoprene sheets and foam rubber, precisely cut to match the 
previous layers and simulate the structural support between the skin and 
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skull. The innermost component consisted of the high-density gelatin brain 
model, which was positioned within the cranial cavity of the 3D-printed 
head model. While this multi-layer structure approximates key mechanical 
barriers, it does not fully replicate the complex viscoelasticity, vascularity, 
or cellular heterogeneity of living tissue, and results should therefore be 
interpreted as preliminary approximations rather than direct biological 
analogs. 

To ensure secure integration, holes were cut into each layer to align 
with the cranial fenestrations in the left hemisphere of the 3D-printed head 
model. Each layer was taped and bonded to these openings using 
medical-grade adhesive, ensuring that each simulated tissue layer was 
directly affixed to the head structure. 
 
2.1.3 BEEDLE Assembly and Integration 
The BEEDLE device is an automated microneedle-based drug delivery 
system designed to administer precise doses of medication over a 
controlled time frame. The device integrates a modular cartridge system, a 
servo-actuated plunger, and a rotational dispensing mechanism to ensure 
sequential, metered drug release through a microneedle array. 
 
2.1.3.1 Structural Design 
The core components of BEEDLE were manufactured using 
biocompatible materials, ensuring mechanical stability and safe interaction 
with pharmaceutical formulations. The device’s modular construction 
enables scalability for different therapeutic applications. The microneedle 
array features uniformly spaced needles optimized for consistent drug 
diffusion, minimizing backflow and ensuring controlled absorption rates. 
 
2.1.3.2 Electronic Integration and Control System 
BEEDLE’s microcontroller-based architecture governs its actuation 
sequence, ensuring precise timing, dosage consistency, and adaptability to 
user-defined treatment regimens. The system incorporates a servo-driven 
plunger that regulates medication flow rate based on preprogrammed 
dosing intervals, allowing for customized administration schedules. A 
rotational indexing mechanism advances the cartridge holder at designated 
time points, facilitating sequential drug release without external 
intervention. To enhance reliability, the system includes user interaction 
safeguards, such as debounce logic to prevent unintended activation or 
disruptions during operation. This flexible control structure enables 
BEEDLE to support a range of dosing protocols, making it adaptable for 
various neurotherapeutic applications. 

Upon startup, the system initializes servo positions to eliminate 
mechanical drift, ensuring repeatable performance. BEEDLE’s 
programmable dispensing intervals allow for flexible dosing regimens. 
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The microcontroller tracks elapsed time and automatically triggers 
sequential release, following an optimized time progression.  
This ensures scalable administration, adaptable for different 
pharmacokinetics and patient needs. 
 
2.1.3.3 Actuation and Motion Control 
To regulate drug flow, the plunger servo dynamically adjusts based on 
elapsed time, ensuring gradual and controlled release. At each dosing 
interval, the cartridge holder rotates to align the next reservoir with the 
microneedle array. This mechanical sequencing ensures high-precision 
dosing without requiring external intervention. 
 
2.1.3.4 Power and System Redundancy 
BEEDLE is powered by an integrated energy system with built-in failover 
protection, ensuring continuous operation in case of power fluctuations. 
The system employs modular battery integration, allowing for extended 
runtime and safe failure handling. 
 
2.1.3.5 Diagnostics and Debugging 
To enhance system reliability, BEEDLE includes real-time feedback 
mechanisms that log status updates during operation. These logs provide 
instantaneous system monitoring, facilitating troubleshooting and iterative 
optimizations. 
 
2.1.4 Microneedle Penetration and Attachment to the Head Model 
For each of the five trials, BEEDLE was pushed through all layers of the 
simulated head model, ensuring complete penetration through the outer 
skin, connective tissue, structural layers, and brain tissue. The 
microneedles advanced until they reached the hippocampus and 
subventricular zone (SVZ) within the gelatin brain model, ensuring the 
device delivered medication to the correct depth. The device was secured 
in place using double-sided tape, affixed to the exterior of the 3D-printed 
head, preventing movement during the test. 
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2.1.5 Dye Administration and BEEDLE Functionality Testing 
Once BEEDLE was fully inserted, the start button was pressed, activating 
the automated drug delivery cycle. The system sequentially dispensed four 
cartridges, each containing 15.00 (± 0.01) mL of glycerin mixed with a 
distinct dye color, with a one-second delay between each activation. 
Cartridge 1 (Red dye) was dispensed for 1 minute, starting at t = 0 min. 
After a one-second delay, Cartridge 2 (Green dye) activated at t = 1 min 1 
sec, releasing its contents over 5 minutes. Following another one-second 
delay, Cartridge 3 (Blue dye) was dispensed for 10 minutes, beginning at t 
= 6 min 2 sec. Finally, after an additional one-second delay, Cartridge 4 
(Purple dye) began at t = 16 min 3 sec, delivering its payload over 20 
minutes. 

Glycerin was selected as a stand-in for neurorestorative compounds 
such as BDNF, MFG-E8, and Ginsenoside Rg1 due to its consistent 
viscosity, optical traceability, and ease of handling. While it offers a 
practical approximation for validating flow rate and timing within the 
microneedle system, glycerin does not fully replicate the molecular 
characteristics or diffusion behavior of the intended therapeutic agents. 
Consequently, future testing will incorporate compound-specific simulants 
to more accurately model delivery dynamics. 

Throughout the cycle, the servo-controlled plunger ensured consistent 
dispensing, while the rotation servo automatically advanced the cartridge 
holder upon completion of each phase. After the final release at t = 36 min 
4 sec, BEEDLE halted operation, and the microneedle array was carefully 
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withdrawn from the gelatin model. This sequence was repeated across five 
trials, with any inconsistencies in timing or volume of release recorded for 
further analysis. 

 

 
 
2.1.6 Functional Testing of BEEDLE 
To validate BEEDLE’s performance across five trials, four key tests were 
conducted to ensure precision, stability, and accuracy, with each 
measurement incorporating device-specific uncertainties. The Microneedle 
Penetration Test measured insertion depth using a digital caliper (±0.01 
mm accuracy) to confirm that deviations remained within ±0.50 mm, 
accounting for both measurement uncertainty and mechanical tolerances. 
The Lateral Displacement Test assessed unintended sideways movement 
by comparing pre- and post-insertion reference points on a grid, with 
displacement visualized through a cross-section of the BEEDLE 
attachment site. Given the ±0.50 mm tolerance, this test ensured that 
lateral deviations were within acceptable limits for controlled insertion. 

The Timing Verification Test recorded cartridge activation timestamps 
with a ±0.01 s precision to confirm dispensing at 1 min, 5 min, 10 min, 
and 20 min, with an operational tolerance of ±0.50 s to account for 
mechanical and electronic signal variations. Lastly, the Drug Delivery 
Volume Accuracy Test measured the gelatin brain model’s weight before 
and after administration using a digital scale (±0.01 g accuracy) to verify 
precise dye release. Given the ±15.00 mL tolerance range, this test 
accounted for experimental inconsistencies such as expulsion, pooling, 
and microneedle retention. Results across all tests were averaged across 
trials to assess BEEDLE’s reliability and precision in neurotherapeutic 
delivery. 
 
2.1.7 Measurement and Data Collection 
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Each test was evaluated based on pass/fail criteria and quantitative 
measurements across all five trials. The average penetration depth, lateral 
displacement, and timing deviation were computed to assess BEEDLE’s 
overall precision and reliability. 
 
 
2.2 Materials 
2.2.1 Device Materials                              
The following components were selected to ensure structural integrity, 
functional integration, and automated operation:  

Structural Framework: Fabricated using high-durability, 
biocompatible materials optimized for stability and modularity.  
Power System: Includes a primary rechargeable energy unit with an 
auxiliary backup power source to ensure continuous operation.  
Control System: A microcontroller-driven actuation system 
manages automated dispensing and sequencing.  
Actuation Mechanism: Utilizes a multi-phase motion control 
system to regulate targeted release and cartridge transitions.  
User Interface: Features a manual input control for activation and 
override functionality.  
Connectivity & Support: Structured electrical pathways facilitate 
component integration while maintaining system adaptability.  
Assembly & Reinforcement: Mechanical components are secured 
using high-strength bonding agents to enhance durability and 
maintain modularity. 
 

2.2.2 Testing Materials  
To enhance the biological validity of BEEDLE’s experimental validation – 
including assessments of penetration depth, lateral displacement, and drug 
delivery accuracy – a range of materials was carefully selected to 
approximate key anatomical and mechanical properties of the human head 
and brain. Gelatin powder was used to simulate the viscoelastic 
characteristics of brain tissue, offering a deformable substrate suitable for 
microneedle penetration and dye diffusion. Ballistic gel, chosen for its 
density and shear resistance, served as a proxy for soft connective tissue 
layers. Neoprene sheets were employed to mimic the mechanical behavior 
of the pericranium and aponeurosis, while foam rubber was layered to 
replicate the structural buffering between the scalp and skull. The 
outermost layer was formed using silicone prosthetic sheets, which closely 
emulate epidermal elasticity. Medical-grade adhesive was applied 
throughout to ensure consistent anatomical layering without slippage or 
deformation. The entire construct was anchored within a custom 
3D-printed head model, which featured a grid system and cranial 
fenestrations to support alignment, insertion precision, and clear 
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visualization during testing. 
For functionality testing, BEEDLE was evaluated using a suite of 

high-precision instruments. Digital calipers (±0.01 mm accuracy) and 
precision scales (±0.01 g) were used to measure microneedle penetration 
depth, lateral displacement, and drug delivery volume. A stopwatch (±0.01 
s) tracked timing intervals across trials. Glycerin-based dye solutions in 
red, green, blue, and purple provided visual differentiation for sequential 
drug release events. Additional testing materials included a 
custom-fabricated microneedle array, light sources and magnifiers for 
enhanced observation, and double-sided tape to secure BEEDLE during 
active operation. Together, these materials and tools ensured reproducible, 
realistic conditions for evaluating the device’s core functions. 

 
2.2.3 Total Estimated Costs  
The total cost for BEEDLE’s development was $410.77 USD, with 
$215.77 allocated to device materials, $45.00 for 3D printing, and $150.00 
for additional testing supplies. All expenses were self-funded, reflecting a 
personal investment in the prototyping and testing phases. No external 
grants, institutional funding, or investor contributions were used for this 
stage of development. 

 
 
3. Results 
3.1 Unprocessed Data Set 
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5 4 963.00 963.20 

 
The timing deviations observed across trials reflect the precision of 

BEEDLE’s automated dispensing mechanism. The minor variations – 
ranging from slight delays to early activations – are likely due to inherent 
mechanical tolerances in the servo motors and signal processing. For 
instance, positive deviations suggest that the system occasionally lagged 
behind the expected schedule, possibly due to momentary delays in motor 
activation. Conversely, negative deviations indicate premature activations, 
which may arise from slight overcompensation in the timing mechanism. 
These fluctuations are minimal and consistent with the behavior of 
electromechanical systems, suggesting that BEEDLE’s timing accuracy is 
robust enough for practical applications. The consistency in these 
deviations across trials underscores the reliability of the system in 
adhering to predefined schedules. 
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The deviations in penetration depth highlight the interaction between 
the microneedle array and the gelatin brain model. Positive deviations, 
where needles penetrate slightly deeper than intended, may result from 
localized softness or uneven density in the gelatin, allowing the needles to 
advance further under consistent pressure. Negative deviations, indicating 
shallower penetration, could stem from areas of slightly higher resistance 
within the model. Despite these variations, the deviations remain small, 
suggesting that BEEDLE’s insertion mechanism is capable of achieving 
precise and controlled needle placement. The consistency in these results 
across trials demonstrates the system’s ability to maintain uniformity, even 
when interacting with a material that mimics the variability of biological 
tissue. 
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The lateral displacement data reveals how stable the microneedle array 
remains during insertion. Minimal shifts at specific angular positions, such 
as 0°, 90°, 180°, and 270°, suggest that the array experiences slight 
sideways movement due to uneven pressure distribution during manual 
insertion. However, the center point consistently shows no displacement, 
confirming that the array does not rotate or shift significantly as a whole. 
These small displacements are likely influenced by the operator’s 
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technique or subtle inconsistencies in how force is applied. Overall, the 
low magnitude of lateral displacement indicates that BEEDLE’s design 
effectively minimizes unintended movement, ensuring accurate and stable 
needle alignment during operation. 

 

 
 
 

The changes in brain weight across trials reflect the precision of 
BEEDLE’s drug delivery system. The consistent increase in weight 
suggests that the device reliably dispenses the intended volume of dye 
solution. Minor fluctuations in the final weight may be attributed to 
residual dye retained within the microneedle array or slight evaporation of 
the solution during the experiment. While the increase in weight reflects 
successful fluid delivery in this in vitro model, it does not directly translate 
to equivalent volume changes in a biological brain. In vivo, a sudden 
increase in intracranial volume could pose risks such as elevated pressure 
or edema. However, BEEDLE’s clinical use case involves gradual, 
time-phased delivery of neurorestorative compounds in microliter-scale 
doses, minimizing such risks. The dye-based volume changes observed 
here are intentionally exaggerated for ease of measurement and 
visualization. The uniformity in weight changes across trials highlights 
BEEDLE’s ability to deliver precise and repeatable dosages, meeting the 
high standards required for future medical applications. 

 
3.2 Processes Data  
 

                              17                                    Intersect, Vol 19, No 1 (2025) 



Kola-Asa & Li,  BEEDLE Brain Injury Therapy 

 

                              18                                    Intersect, Vol 19, No 1 (2025) 



Kola-Asa & Li,  BEEDLE Brain Injury Therapy 

 
 

3.3 Findings  

 
 

The timing deviations observed across trials reflect the precision of 
BEEDLE’s automated dispensing mechanism (Figure 10). The 
fluctuations, ranging from slight delays to early activations, are likely due 
to mechanical tolerances in the servo motors and signal processing 
variations. Positive deviations suggest momentary lag in motor activation, 
whereas negative deviations indicate premature activation, potentially 
caused by overcompensation in the timing mechanism. The overall 
variation remains minimal and within the ±0.50 s tolerance, confirming 
high reliability in adhering to the programmed schedule. The error bars 
indicate that the variations across trials are minor, reinforcing BEEDLE’s 
capability to maintain accurate timing across different conditions. 
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The penetration depth deviations highlight the interaction between 

BEEDLE’s microneedle array and the gelatin brain model (Figure 11). 
Slight positive deviations suggest that localized softness or uneven density 
in the gelatin model allowed needles to penetrate deeper, while negative 
deviations indicate regions of higher resistance that limited insertion 
depth. Despite these variations, all penetration depths remained within the 
±0.5 mm tolerance, demonstrating consistent and controlled microneedle 
insertion. The presence of error bars suggests minor fluctuations in 
penetration accuracy, but the consistency across trials indicates that 
BEEDLE’s insertion mechanism is effective in maintaining uniform 
penetration depth. 

 
The lateral displacement data illustrates BEEDLE’s stability during 
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insertion, with minimal shifts observed at specific angular positions (0°, 
90°, 180°, and 270°; Figure 12). The center stability consistently measured 
0.00 mm, confirming that the array did not experience significant rotation 
or displacement. The slight lateral movements observed are likely due to 
manual insertion force inconsistencies or localized variations in gelatin 
resistance. However, all deviations remained well within the ±0.5 mm 
tolerance, affirming that BEEDLE’s design effectively minimizes 
unintended movement and ensures stable needle alignment. 

 

 
 

 
The changes in brain weight across trials validate BEEDLE’s precision 

in drug delivery, as the observed increases in weight correspond with the 
expected volume of dye solution administered (Figure 13). Minor 
variations in delivered volume can be attributed to residual dye retained in 
the microneedle array, slight evaporation, or experimental inconsistencies 
in the gelatin model. The largest deviation recorded (-11.27 mL) remained 
within the ±15 mL tolerance range, ensuring that the system delivers 
consistent and reproducible volumes. The presence of error bars further 
confirms that trial-to-trial variability is controlled, reinforcing BEEDLE’s 
suitability for reliable neurotherapeutic drug administration. 

 
 

4. Discussion 
The results demonstrate that BEEDLE successfully met its design goals, 
achieving precise, controlled, and stable drug administration across all 
measured parameters: timing accuracy, penetration depth, lateral 
displacement, and drug volume retention. This confirms its reliability as an 
automated microneedle-based drug delivery system and highlights its 
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potential for neurotherapeutic applications. 
One of BEEDLE’s most notable strengths is its precision in timing 

control, with deviations remaining within ±0.5 seconds across all trials. 
This level of accuracy is critical for neurotherapeutic applications 
requiring consistent drug release. Additionally, BEEDLE’s automated 
system minimizes human error, offering repeatable dosing with minimal 
variability, which is a significant improvement over traditional manual 
injections (Rosen et al., 2021). Penetration depth analysis further validated 
BEEDLE’s performance, with microneedles reliably reaching the target 
depth within ±0.5 mm. This precision ensures the device can bypass the 
blood-brain barrier (BBB) and deliver drugs directly into neurogenic 
regions (Li et al., 2023). Minimal lateral displacement further underscores 
BEEDLE’s mechanical stability, distinguishing it from handheld devices 
prone to positional inconsistencies. 

However, the results also revealed opportunities for refinement, 
particularly in drug volume retention. While BEEDLE delivered volumes 
within ±15 mL of the target 60 mL, backflow and pooling in the gelatin 
model indicated that biological absorption mechanisms were not 
adequately simulated. Unlike biological tissue, which regulates diffusion 
through cerebrospinal fluid and extracellular absorption, the gelatin model 
lacked porosity, leading to uneven retention (Gao et al., 2023). Future 
optimizations, such as adjusting injection pressure, modifying microneedle 
coatings, or using hydrogel-based brain models, could improve drug 
retention and volumetric precision for intracranial delivery. 

BEEDLE’s innovative modular drug delivery system represents 
another major advancement. Unlike traditional systemic drug 
administration methods, which often suffer from low bioavailability and 
systemic side effects, BEEDLE enables targeted and controlled release of 
therapeutic agents directly into neurogenic niches (Chu et al., 1992). 
Agents such as neurotrophic factors, senolytic agents, and 
neurotransmitter stabilizers can be precisely delivered to critical brain 
regions like the hippocampus and subventricular zone, promoting 
neuroprotection, synaptic plasticity, and neurogenesis. This localized 
approach positions BEEDLE as a promising treatment option for 
conditions such as traumatic brain injury (TBI), Alzheimer’s disease, 
Parkinson’s disease, and stroke recovery. 

The replaceable microneedle array and modular drug cartridge system 
further enhance BEEDLE’s therapeutic potential by allowing 
customization to each patient’s unique neuroanatomical and neuroplastic 
characteristics. This flexibility addresses the limitations of a 
one-size-fits-all approach, which is ineffective due to significant variations 
in neuroplasticity among individuals (Voss et al., 2017; Duffau, 2017). By 
enabling precise, tailored drug delivery to affected brain regions, BEEDLE 
ensures personalized treatment. Moreover, BEEDLE’s design minimizes 
invasiveness and reduces the need for frequent interventions, which offer a 
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significant advantage over traditional neuromodulation techniques. 
Despite these strengths, the experimental setup faced several 

challenges that must be addressed to refine BEEDLE’s design and 
performance. A key limitation was the gelatin brain model, which lacked 
both anatomical accuracy and physiological realism. Its 
dimensions—measuring 249 mm in width and 81 mm in height—deviated 
substantially from the typical human brain width (140–170 mm) and 
height (120–140 mm) (Reardon et al., 2018), potentially skewing 
microneedle penetration depth and drug absorption measurements. More 
critically, the gelatin substrate did not replicate key biological conditions 
such as interstitial resistance, cerebrospinal fluid dynamics, or tissue 
porosity. These shortcomings likely contributed to the dye release pattern 
observed during the experiment (Figure 4), where uneven pooling and 
surface accumulation—especially with the green, blue, and purple 
cartridges—suggested that much of the dye was expelled rather than 
retained. In contrast, real-world drug delivery relies on tissue and fluid 
environments to mediate localized diffusion and retention (Madadi & 
Sohn, 2024). To improve fidelity, future experiments should employ 
hydrogel-based brain models with tunable mechanical and diffusional 
properties, while also optimizing microneedle insertion depth, injection 
pressure, and drug viscosity to more closely mirror in vivo conditions. 
Device size and power sustainability also present challenges. The current 
BEEDLE prototype measures 100 mm in width, significantly larger than 
the ideal size of 20 mm required for practical implantation. 

Miniaturization efforts, potentially leveraging microelectromechanical 
systems (MEMS) and passive diffusion mechanisms, will be critical for 
clinical viability (Karimzadehkhouei et al., 2023). Additionally, while the 
current LiPo battery is functional, alternatives such as wireless charging or 
biodegradable power sources should be explored to ensure long-term 
operation without frequent replacements (Domalanta & Paraguay, 2023; 
Ghodhbane et al., 2023; Sakthi & Sundari, 2022; Huang et al., 2018). 
Looking ahead, several avenues for improvement could further enhance 
BEEDLE’s therapeutic potential. Drug stability remains a concern, as the 
rapid degradation of neurotrophic factors limits their effectiveness. 
Encapsulation techniques, such as PLGA microspheres or hydrogel-based 
systems, could preserve bioactivity and enable sustained, controlled 
release over extended periods (Ramazani et al., 2016). Integrating 
real-time neurochemical monitoring through biosensors could also 
optimize drug delivery by adapting release profiles based on the patient’s 
specific neurochemical profile (Kim et al., 2013; Ba et al., 2019). This 
would maximize therapeutic effects while minimizing the risk of over- or 
under-dosing. 

Finally, BEEDLE’s biocompatibility and long-term integration with 
brain tissue must be thoroughly evaluated. Research into advanced 
biomaterials will be essential to minimize immune responses and adverse 
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effects during implantation (Chen et al., 2019). Preclinical studies using 
animal models and eventual clinical trials will be necessary to validate 
BEEDLE’s safety and effectiveness, particularly its ability to promote 
neurogenesis and cognitive recovery. 

While initially designed for TBI, BEEDLE’s modular system holds 
promise for treating a broader range of neurological and mental health 
conditions. For example, its ability to promote hippocampal neurogenesis 
could offer a novel, localized approach to treating depression and anxiety. 
Furthermore, the integration of a closed-loop system using real-time 
biosensor feedback could revolutionize BEEDLE’s operation, enabling 
dynamic adjustments to drug delivery based on the patient’s evolving 
needs. This would optimize therapeutic outcomes, minimize side effects, 
and solidify BEEDLE’s position as a next-generation neurotherapeutic 
tool. 

 
 

5 Conclusion 
BEEDLE represents a transformative advancement in neurorestorative 
medicine, offering a precise, automated, and minimally invasive solution 
for targeted drug delivery to neurogenic brain regions. The device’s ability 
to bypass the blood-brain barrier and deliver neurotrophic factors, 
senolytic agents, and neurotransmitter stabilizers directly into the 
hippocampus and subventricular zone demonstrates its potential to 
enhance neurogenesis, synaptic plasticity, and angiogenesis. Experimental 
results confirm BEEDLE’s reliability, with timing accuracy within ±0.5 
seconds, penetration depth within ±0.5 mm, and minimal lateral 
displacement, ensuring controlled and stable drug administration. 
While the gelatin brain model provided valuable proof-of-concept 
insights, future development must incorporate more anatomically and 
physiologically accurate platforms, such as hydrogel-based brain models, 
to better replicate biological absorption and improve drug retention. In 
parallel, miniaturization efforts and integration of alternative power 
sources, such as wireless charging, will be essential for advancing toward 
clinical viability. Additionally, the modular design of BEEDLE allows for 
customization to individual patient needs, making it adaptable for a wide 
range of neurological conditions, including Alzheimer’s disease, 
Parkinson’s disease, stroke, and depression. 

However, due to its invasive nature and potential for long-term 
implantation, BEEDLE’s clinical translation will require rigorous 
validation. This includes comprehensive preclinical studies in animal 
models, long-term safety and biocompatibility testing, and eventual 
regulatory review to assess risks related to neurotoxicity, immune 
responses, and dynamic drug responsiveness. Recognizing these risks is 
critical not only for ethical deployment, but also for reinforcing the 
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credibility and translational potential of the device. With sustained 
research investment and clinical oversight, BEEDLE has the potential to 
redefine targeted neurotherapy in both neurological and mental health 
care. 
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7 Appendix 
7.1 Sample Calculations 
7.1.2 Timing Deviation 
Formula:  
Example Calculation: 
For Trial 1, Cartridge 2:  
Expected Start Time : 61 s  
Actual Start Time : 61.5 s 

 

Formula:   

If the sum of all timing deviations is 0.10 seconds across 20 
observations: 

 
7.1.3 Penetration Depth 
Formula: 

 
Example Calculation: 
For Trial 1, Needle #45:  
Target Depth : 5.00 mm  
Measured Depth : 5.12 mm 

 

Formula:   

If the sum of all timing deviations is 0.05 mm across 25 observations: 

 
7.1.4 Lateral Displacement 
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Formula:  
Example Calculation:  
For Trial 1, Measurement Point 90°:  
Initial Position: 0.00 mm  

Final Position: 0.18 mm 

 

Formula:   

If the sum of all timing deviations is 0.01 mm across 25 observations: 

 
7.1.5 Drug Delivery Volume Accuracy 
Mass of Drug Delivered (g) Formula: 

 
Volume of Drug Delivered (mL) Formula: 

 (Composition of 
Glycerol, n.d.) 
Volume Deviation (mL) Formula: 

 
Example Calculation :  
For Trial 1:  
Mass of Drug Delivered :  
Initial Brain Weight: 1104.49 g  
Final Brain Weight: 1165.89 g 

 
Volume of Drug Delivered: 

 
Volume Deviation: 
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