
  

  

Abstract— In this study, we describe a novel peripheral-
nerve interface which makes use of highly flexible multi-
electrode arrays that are integrated into hydrogel-based 
scaffolds to form a hybrid tissue-engineered electronic 
construct. This tissue-engineered electronic nerve interface 
(TEENI) is designed to be scalable to high channel counts using 
multiple polyimide-based “threads” that are evenly distributed 
through a volume of the nerve equal to its diameter times the 
distance between one or more nodes of Ranvier. Such 
scalability could greatly increase the precision and resolution of 
motor-control and sensory-feedback signals exchanged between 
amputees and advanced upper-limb prosthetic devices. 

I. INTRODUCTION 

For upper-limb amputees, the peripheral nervous system 
is a promising target to interface with in order to control 
technologically sophisticated robotic limbs. Recent advances 
have shown that electrical stimulation of axons with 
peripheral-nerve interfaces can successfully provide natural 
multi-perception sensory feedback and alleviate phantom-
limb pain in upper-limb amputees [1-2]. In contrast, similar 
breakthroughs are yet to be achieved in the pursuit of 
extracting high-resolution and reliable movement-intent 
signals from peripheral nerves. To provide fine movement 
control and elicit distinct sensory percepts, a comprehensive 
bidirectional nerve-interface would need a large number of 
independent motor and sensory channels. However, existing 
interfacing approaches grossly under-sample the 
heterogeneous population of efferent and afferent axons in 
peripheral nerves. Another challenge of existing strategies 
arises from the mismatch between the elastic properties of 
native peripheral-nerve tissue (<100 MPa) [3] and that of 
silicon-based microelectrodes (200 GPa) [4]. This mismatch 
is hypothesized to trigger an exaggerated foreign-body 
response to the electrodes that can negatively affect its 
functional longevity [5].  

Regenerative nerve interfaces have been proposed as a 
viable option because of the capacity of injured peripheral-
nerve axons to spontaneously regrow through an engineered 
device consisting of multiple electrodes [6-7]. Significant 
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progress has been reported in the field of peripheral-nerve 
tissue-engineering on the use of natural extracellular-matrix 
(ECM) components (e.g., collagen, laminin, Hyaluronic acid 
(HA), etc.) to enhance nerve regeneration and promote 
wound-healing mechanisms [8]. The mechanical properties 
of tissue-engineered hydrogels can also be programmed to 
mimic the elastic properties of target tissue, reduce foreign-
body response, and minimize micromotion of implanted 
devices within the nerve.  

 
Figure 1. Illustration of a TEENI device attached to the ends of a transected 
nerve. Inset shows 1-mm-diameter cross-sectional views of the construct 
with a single 4-thread-set and a multiple 3-4-3-thread-set arrangement. 

Although tissue engineering, nerve regeneration, and 
implantable neural-electronic interfaces are individually 
well-established fields, the concept of merging these fields 
to create mechanically-compliant, scalable, and high-
performance neural interfaces has not been extensively 
explored. To overcome the aforementioned challenges of 
low channel counts and mechanical incompliance, here, we 
present a novel combinatorial approach to peripheral-nerve 
interfacing. Specifically, we describe a hybrid tissue-
engineered electronic nerve interface (TEENI), which 
consists of multi-electrode polyimide-based “threads” 
embedded into a biodegradable hydrogel composite that is 
wrapped in a bioresorbable small intestinal submucosa (SIS) 
and sutured across the ends of a transected nerve (Fig 1). 
These polyimide threads will be fully enveloped and held 
precisely in position during implantation by a hydrogel 
scaffold with mechanical properties optimized to reduce 
foreign-body response. Eventually, the hydrogel will 
degrade and be replaced with regrown and maturing axons. 
Our approach is scalable to high channel counts that can be 
spread throughout a sizable volume using precisely arranged 
multiple thread sets. Single or multiple thread sets, as 
determined by the size and location of the target nerve, can 
be incorporated in the hydrogel to make the TEENI device 
implantable and functionally engage with the entire volume 
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of the peripheral nerve. Also, it can be designed to interface 
with peripheral nerves of varying sizes (i.e., from the 
centimeter scale down to ~100 μm) by using the appropriate 
number of thread sets required to spread throughout the 
needed volume of interaction. The TEENI approach also 
provides ample room for axonal regeneration and maturation 
over time without space constriction (e.g., a single 100-µm-
wide and 10-µm-thick thread will occupy only ~0.1% of a 1-
mm2 rat sciatic nerve). Here, we report on the design, micro-
fabrication, and characterization of our first-generation 
TEENI with 3-thread and 4-thread sets that were 
successfully placed singly or stacked together in a novel 
hydrogel-scaffold construct.  

II. MATERIALS AND METHODS 

A. TEENI Design 
 The first-generation (Gen1) TEENI is designed to have: 
individual threads with functional electrodes implanted 
between the two nerve ends, four suture holes (200 µm 
diameter) along the lead-body to secure thread sets in the 
implanted position, and large polyimide wings positioned at 
each end that have 1-mm-diameter holes to facilitate loading 
of the thread sets into custom-made jigs for assembly with 
the hydrogel-SIS scaffold. It also has connector pads to bond 
to a printed-circuit board (PCB) for data acquisition from the 
fully assembled TEENI device. The polyimide wings are cut 
off after assembly and prior to surgical implantation. Their 
purpose is to ensure precision assembly and to avoid  
damage during manual manipulation of thread sets (e.g., 
using sharp tweezers). It is important to avoid crack 
propagation in the dielectric, moisture ingress, or loss of 
electrical continuity. In this study, each thread set was 
designed to have 3 or 4 threads (Figures 2 and 1, 
respectively) and each thread was 10 µm thick, 86 µm wide, 
and 5-mm-long with a 170-µm-wide edge-to-edge gap 
between threads in a thread set. Each thread had 4 different 
recording electrodes with surface area of 200, 400, 800, and 
1600 µm2. These sizes were chosen to obtain an impedance 
range of 100 to 1,000 kΩ, which is favorable for single-unit 
neural recording based on empirical evidences [9]. Also, a 
reference electrode, a stimulation electrode, and integrated 
test structures for assessment of dielectric integrity and 
electrical continuity of connecting leads were incorporated 
in the thread set. These “house-keeping” test-structures are a 
unique feature of our design, which will enable us to 
evaluate the reliability of the TEENI device in vivo and to 
separately identify abiotic from biotic causes of electrode-
failures in longitudinal studies. All electrically functional 
components were designed to be 1 mm away from either 
ends of the threads in order to avoid potential damage when 
the auxiliary wings are cut after device assembly. An 
additional large reference electrode was included in the leads 
outside of the nerve-implant region so that signals from 
muscles surrounding the nerve can be captured and used to 
attenuate unwanted EMG contamination. Individual thread 
sets were assembled with a multichannel zero insertion force 
(ZIF) connector (Tucker Davis Technologies, Alachua, FL, 
USA) to enable long-term in vivo acquisition of 

 
Figure 2: Mask layout of a TEENI device. Top figure shows the entire 
microfabricated structure of a 3-thead-set, including two wings with a hole 
in each for stacking pins. Bottom inset is a close-up image of the electrodes 
and test structures that will be embedded in the nerve.  

electrochemical and electrophysiological data. The micro-
fabricated TEENI was designed to have 20-contact pads to 
bond via conductive silver epoxy to pads on a custom-
designed printed-circuit board (PCB), which is further 
soldered to a percutaneous fine wire bundle that connects to 
an external ZIF connector.  

B. TEENI- Microfabrication process 
The TEENI thread sets were microfabricated using 

photolithography and thin-film metal-deposition processes 
adapted from [10]. Briefly, a 5-µm-thick layer of polyimide 
(PI) (UVarnish-S, UBE Inc., Japan) was spin-coated on a 
silicon wafer and cured at 450 °C in nitrogen environment 
using a vendor-provided temperature-ramp profile 
spanning~5 hours. Electrode sites, interconnect traces, test 
structures, and connector pads were patterned using 2.5-µm-
thick layer of image-reversal resist AZ 1512 (Integrated 
Micromaterials, Texas, USA). A 50-nm-thick layer of Ti 
was sputter-deposited to facilitate adhesion between the first 
PI layer and platinum of the 300-nm-thick stack of Pt/Au/Pt 
(100 nm each) metal layer. Following metal deposition, the 
photoresist was lifted off by submerging the wafer in 
acetone for a few hours with gentle sonication. 
Subsequently, a second 5-µm-thick layer of PI was spin-
coated and cured using the same temperature ramp-profile. 
A 26-µm-thick layer of positive photoresist (AZ 9260) was 
used as a mask to expose the electrode sites and connector 
contact-pads from the overlying PI layer using oxygen-
plasma (Unaxis Shuttlelock Reactive Ion Etcher). The same 
process was used in the final step to etch the physical outline 
of the thread sets and the individual thread sets released 
from the silicon wafer with sharp tweezers.  

C. Electrochemical Impedance Spectroscopy (EIS) 
EIS measurements were conducted using Autolab 

PGSTAT128N (Metrohm, USA) in potentiostatic mode over 
the frequency range of 10 to 30,000 Hz (5 points per decade, 
10 mV sinusoidal perturbation voltage) to characterize the 
microfabricated electrode sites and overall electrical 
integrity of the fully assembled TEENI device. 
Measurements were carried out in room-temperature 
phosphate buffered saline (pH of 7.4), with a Ag-AgCl 
reference electrode and a large platinum counter electrode.  
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D. Hydrogel Fabrication and Characterization 
A combination of collagen I, laminin, and methacrylated 

HA was used to yield a photocrosslinkable hydrogel 
composite. In order to determine the optimal composite, a 
combination of selected components in varying 
concentrations were evaluated as provided in table below. 

 
Group Name 

Composition (mg/mL)	
Collagen I Laminin MAHA GMHA 

Low MAHA 3 1.5 3 - 
High MAHA 3 1.5 6 - 

GMHA 3 1.5 - 5 
Briefly, a solution of Dulbecco’s modified eagle medium 

and HEPES was mixed with collagen I solution. Then, 
Cultrex 3D Culture Matrix Mouse Laminin I (Trevigen, 
Gaithersburg, MD) and the HA-components were mixed 
with the collagen I solution. This pre-hydrogel solution was 
incubated at 37 °C for 30 minutes and crosslinked by 5 
minutes of UV exposure. To synthesize HA components, 
500 mg hyaluronic acid (HA) was dissolved overnight in a 
mixture of deionized water (25 mL) and acetone (25 mL) 
(GMHA) or in only deionized water (50 mL) (MAHA). 
GMHA was made by mixing trimethylamine (3.6 mL) and 
glycidyl methacrylate (3.6 mL) overnight and adding 
methacrylic anhydride (1.896 mL) dropwise to the HA 
solution on ice to yield MAHA. The reaction pH was 
maintained between 8 and 11 and continued overnight at 4 
°C. The GMHA and MAHA products were precipitated 
twice in acetone and ethanol, respectively and then 
lyophilized for 7 days to make them lyophilized and 
photocrosslinkable.  

For mechanical testing, hydrogels were fabricated by 
pipetting 150 µL of pre-hydrogel solution into an 8-mm-
diameter round mold and crosslinked as described above. 
Viscoelastic properties of the hydrogels were tested using a 
rheometer (Anton Paar, GmbH, MCR, Graz, Austria). 
Briefly, the sample was loaded onto the bottom plate of the 
device and water added to the humidity chamber at a 
temperature of 37 °C. The top plate was then lowered until 
contact with the hydrogel was made. Shear storage and loss 
moduli were determined at an amplitude of 0.5% strain and 
over an angular frequency range of 0.1 to 100 rad/s. Storage 
moduli reported at an angular frequency of 1 rad/s. Young’s 
modulus was determined using a materials testing machine 
(Instron Model 5942 Universal Test System, Norwood, MA) 
with uniaxial unconfined compression at a rate of 
10 mm/min. 

E. TEENI Device Assembly 
Microfabricated 3-thread and 4-thread sets were 

integrated within the hydrogel scaffold using custom-
designed (SolidWorks) and 3D printed 2-part-assembly jigs 
as shown in Figure 3. The thread sets were stacked together 
on the jig-fixture using 1-mm-diameter metal pins with 290-
µm-thick spacers alternating between them to spatially 
distribute the threads throughout the volume of the rat sciatic 
nerve which has ~1mm diameter (Figure 3A). The thread-
set-loaded fixture was then positioned on the jig-base such 
that the nerve-implant region was secured within a 5-mm-
long and 1.5-mm-diameter tubular recess that held a Tygon  

 
Figure 3. Assembly processes of a TEENI device: A) Jig-base with a Tygon 
tube mold to crosslink hydrogel around thread sets in place (left). Jig-fixture 
to stack thread sets and spacers to precisely position in hydrogel (right). B) 
Fully assembled TEENI device with inset showing hydrogel (blue) pipetted 
into Tygon tube. C) Photograph of 3D printed jig with a single thread set 
placed in Tygon tube with crosslinked hydrogel (left) and SIS sutured 
around hydrogel and thread set after being cut (red dotted lines) from 
auxiliary polyimide wings (right). 

tube serving as a mold for the hydrogel-thread-set 
integration. Pre-hydrogel solution was pipetted into the tube 
and crosslinked, as described earlier (Figure 3B). The Tygon 
tube was then removed and the hydrogel-thread-set device 
assembly wrapped in decellularized resorbable small 
intestinal submucosa (SIS, Cook Biotech, USA). The thread 
sets were also sutured to the SIS via the suture holes in the 
polyimide interconnect structure (Figures 1 and 2) for 
additional positional stability during surgical handling and to 
sustain flexural stresses post-implantation (Figure 3C).  

III. RESULTS AND DISCUSSION 

A. Impedance Spectroscopy 
Impedance measurements were used to characterize the 

electrical properties of the newly microfabricated TEENI 
thread sets. Preliminary results from three fully assembled 
Gen1 TEENI devices confirmed the expected trend of 
inverse relationship between surface area of exposed 
platinum electrodes and their impedances across the entire 
measured frequency range (Figure 4). Specifically, 
impedances (mean + SD) at 1 kHz for electrodes with 200, 
400, 800, 1600 µm2 areas were 1442 + 171 kΩ (n = 7), 893 
+ 354 kΩ (n = 7), 485 + 151 kΩ (n = 7), and 284 + 41kΩ 
(n = 8), respectively. These values are also consistent with 
those reported for thin-film platinum-based microelectrodes 
[11]. EIS measurements are also useful to confirm electrical 
continuity throughout the ZIF-connector/PCB/thread-set 
entity and troubleshoot the assembly processes. 
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Figure 4. Magnitude plot (mean + SD) of impedance spectra in the 
frequency range of 10 to 30,000 Hz for recording electrodes with varying 
surface area.  

B. Hydrogel Characterization 
In addition to being mechanically compliant, hydrogels 

used in the TEENI devices must be robust enough to 
physically support the threads during assembly, implantation 
and after nerve regeneration. All three hydrogel groups 
studied here were determined to be able to provide structural 
support for the integrated polyimide thread sets during 
device assembly and implantation. Results from rheology 
indicate that 3-component GMHA hydrogels had the highest 
storage modulus at 440 + 134 Pa and were significantly 
higher than that of a rat sciatic nerve at 20.3 + 7.7 Pa. The 
MAHA-based hydrogels had lower storage moduli than 
GMHA-based hydrogels with 66.4 + 22.8 Pa for 3-
component Low MAHA and 176 + 49 Pa for 3-component 
High MAHA. Interestingly, the results from rheology 
indicated that the nerve trended toward having a lower 
storage modulus than that of the hydrogels. The Young’s 
moduli from uniaxial unconfined compression are shown in 
Figure 5. Three-component MAHA hydrogels were the least 
stiff with Young’s moduli of 0.201 + 0.016 MPa and 0.258 
+ 0.007 MPa for Low and High, respectively. 3-component 
GMHA had a significantly higher Young’s modulus of 2.43 
+ 0.08 MPa while rat sciatic nerve had a Young’s modulus 
of 3.64 + 0.21 MPa. The results from uniaxial compression 
show that the hydrogels are less stiff than that of fresh rat 
sciatic nerve, which is desirable. However, in case of the 
TEENI implementation, the degradation rate also needs to be 
balanced between promoting regrowth and being able to 
maintain the stability of threads during remodeling of the 
ECM around them. Hence, further studies will be required 
on the degradation rate and nerve regeneration in vivo until 
the most optimal hydrogel combination is determined.  

IV. CONCLUSIONS AND FUTURE WORK 

We have presented a novel approach for a scalable nerve 
interface that combines tissue engineering with 
micromachined electrode arrays. Devices have been 
designed, fabricated, and characterized. In other papers at 
this conference from this team, we present our surgical 
approach and histological results from chronic implantation 
of non-functional (without electrodes) and functional Gen1 
TEENI implants. In future work, we will obtain and 
characterize the longevity and reliability of TEENI devices 
by in vitro accelerated aging soak testing, in vivo recording 
performance, and hydrogel-degradation studies. 

 
Figure 5. Young’s moduli from uniaxial unconfined compression on 3-
component hydrogels and nerve. Rat sciatic nerve was found to be stiffer 
than all hydrogels. Number above bars indicate significance, p < 0.05. 
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