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ABSTRACT 
We present the successful in vivo testing of a triggerable, 

reconfigurable neural probe designed to record neural activity in 
the central nervous system for extended periods of time.  The 
probe consists of a thin polyimide-gold-polyimide sandwich 
structure that can be deflected prior to insertion to store mechanical 
energy.  After inserting into the brain and waiting for the initial 
glial sheath to form, the device can be triggered, causing the 
recording tip of the device to penetrate into fresh tissue.  Here we 
present the first in vivo triggering and acute electrical recordings 
from this device in the rodent motor cortex, demonstrating the 
essential device functionality. 

 
INTRODUCTION 

Electrical recording interfaces with the nervous system are 
critical for enabling neurally-controlled prostheses and better 
therapies for neurological disorders [1].  A major challenge with 
reliable chronic neural recording is tissue reaction, wherein a 
sheath of glial cells encapsulates the neural probe, electrically 
insulating the probe from the surrounding neurons [2].  This glial 
sheath arises both as a reaction to the initial surgical trauma and as 
a long-term reaction to the foreign body.   

 
Various strategies have been tried to mitigate the glial 

reaction, including designing electrodes that are flexible [3], 
deliver immunosuppressants [3], or have bioactive coatings [4].  
To-date, however, these approaches have not eliminated the 
chronic tissue response.  Because of data suggesting that 
repositioning electrodes after the initial glial response has subsided 
can recover signals [5], and that small feature sizes reduce tissue 
response [6-8], researchers have started developing small 
reconfigurable probes, either using a Sandia surface-
micromachined process [9] or a triggerable variant of the Michigan 
probes [10].     
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Figure 1: Device operation schematic.  (a) The probe bodies are 
deflected and glued prior to insertion into the brain.  (b) A glial 
sheath forms over time (~weeks) due to initial surgical trauma.  (c) 
Dissolving the glue triggers the probe body to deflect the tips 
carrying recording electrodes into fresh tissue.  Small tip 
dimensions prevent subsequent glial sheath formation. 
 

Here we describe the first in vivo electrical recordings from a 
triggered reconfigurable probe with small dimensions.  Our 

approach is to create a thin polymer probe whose body can be 
deflected and locked prior to insertion via a “glue”, storing 
mechanical energy in the legs (Figure 1a).  After inserting into the 
brain and waiting for the initial glial sheath to form (Figure 1b), 
the device can be triggered by dissolving the glue (Figure 1c), 
causing the recording tip of the device to penetrate into fresh 
tissue.  Designing the tip dimensions to be small [8] (7-20 μm) 
should mitigate formation of an additional glial sheath post-
triggering and thus improve chronic recording. 
 
MODELING 

Analytical models of the structural mechanics of the device 
body were developed to inform optimal device materials and 
dimensions, in order to balance device flexibility (to reduce elastic 
modulus mismatch with the brain), stiffness (to allow piercing 
through the glial sheath without buckling), energy storage in the 
device legs (to provide the > 1 mN force needed to pierce the glial 
sheath, based on similar triggered probes [9]) and adequate travel 
distance once deployed [11] (> 50 μm, to move the recording sites 
past the thickness of the glial sheath).  Figure 2 shows example 
model results informing  the appropriate lengths of the device legs, 
given the tradeoff between the mechanical stress induced in the 
deflected device legs and the total force that can be delivered by 
the device.   
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Figure 2: Plot of analytically calculated force delivered by the 
device (left) and the maximum stress in the device legs (right) as a 
function of leg length for a leg width of 20 μm, a leg thickness of 
20 μm and a deflection distance of 50 μm.  The requirement that 
the force delivered be ≥ 1 mN (design criteria) and the maximum 
stress be ≤ 70 MPa (yield stress of polyimide) informs a design 
space for the leg length (between 200 and 900 μm).  
 

Mechanical buckling theory was used to ensure a tip 
geometry that should be able to pierce through the brain tissue and 
the glial sheath without buckling.  Electrical models were also used 
to determine appropriate electrode materials, electrode site sizes, 
and trace widths.  Additionally, the chosen device materials and 
dimensions needed to be biocompatible and compatible with 
available microfabrication facilities.  All mechanical and electrical 
models were validated with laser-cut polyimide film prototypes as 
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well as microfabricated short loop tests (data not shown) before 
microfabrication of the final devices. 

 
Based on the above models and prototypes, the devices were 

chosen to have a 10 μm polyimide / 200 nm gold / 10 μm 
polyimide sandwich structure.  The structural material was chosen 
to be polyimide because of its biocompatibility [12], its flexibility 
(reducing mechanical modulus mismatch with the brain and 
allowing for increased travel distance, compared to silicon probes) 
and its ability to store adequate energy when deflected despite 
being flexible.  The device leg widths were varied between 20 – 40 
µm, the leg lengths were varied between 200 – 500 μm, and leg 
spacing was varied between 20 – 40 μm.  The device tips were 
designed to be 20 μm wide at the smallest point.  The electrode site 
areas were varied between 450 – 5000 μm2. 

 
FABRICATION 

The probe was fabricated using standard surface 
micromachining techniques, as shown in Figure 3.   
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Figure 3: Fabrication process flow. 
 

First, a 1-µm-thick sacrificial aluminum layer was sputter-
deposited onto a 6-inch silicon wafer.  Next, a 10-μm-thick base 
layer of photo-patternable polyimide (HD 4100) was spun onto the 
wafer and patterned using photolithographic masks (step 1).  The 
polyimide was then partially cured (320oC for 30 min) to create a 
stable surface for subsequent processing, while leaving some 
unterminated bonds for attaching to the top polyimide layer.  Next, 
a 10-nm-thick titanium + 200-nm-thick gold layer was deposited 
using electron beam evaporation, and patterned using an acetone 
liftoff process (step 2).  This gold layer forms the electrode sites 
and traces for the probe.  The 10-μm-thick top layer of polyimide 
(HD 4100) was then spun onto the wafer and patterned.  The wafer 
was hard baked (360oC for 60 min) to complete the full cure of 
both polyimide layers (step 3).  Finally, the polyimide sheet was 
removed from the silicon wafer by dissolving the sacrificial 
aluminum in aluminum etchant (Transene – type A) (step 4).  All 
die geometries were designed so that the final dies could be easily 
separated by hand after peeling the polyimide film from the silicon 
wafer, thereby avoiding a final diesaw step.  The fabricated device 
is shown in Figure 4.  
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Figure 4: Optical images of the fabricated devices.  The device 
consists of a 10 μm polyimide/ 200 nm gold/ 10 μm polyimide 
sandwich structure with the gold exposed at the electrode sites on 
the tip and at the contact pads.  Scale bars = 300 μm.  
 
RESULTS 

The device was first characterized in benchtop tests in order 
to answer the following questions before in vivo testing: 1. Does 
the device tip pierce the brain tissue without buckling? 2. Does the 
device trigger mechanism work as designed? 3. Are the electrode 
sites functional? 
 
Benchtop Mechanical and Electrical Characterization 

The first critical component of the device is the probe tip, 
which is designed to be as flexible as possible while still being able 
to pierce through brain tissue.  Insertion into freshly sacrificed rat 
pup brains demonstrated that the chosen dimensions could resist 
buckling (Figure 5).  This validated the mechanical model used to 
design the tip geometry. 
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Figure 5: In vitro piercing tests to demonstrate that the probe tips 
can pierce brain tissue without buckling.  (a) The probe tip lies just 
outside a rat pup brain.  (b) As the probe is pushed in, the probe 
tip pierces the brain tissue without buckling.  Scale bars = 1 mm. 
 

The second critical component of the device is the trigger 
mechanism consisting of the device legs that are deflected to store 
energy prior to insertion.  The legs are then held in place in this 
stored-energy configuration (Figure 6a) using a water- or 
thermally-soluble glue, which allows for triggering on-demand.  
Here we used a polyethylene glycol (PEG) hydrogel that dissolves 
acutely in saline.  PEG was chosen because of its biocompatibility 
and tunable degradation times [12].  To demonstrate the triggering 
functionality, we applied saline to the PEG-glued probe, causing 
the glue to dissolve and the probe body to trigger and advance 
(Figure 6b).  These tests validated the mechanical models used to 
design the trigger structure geometry. 
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Figure 6: Benchtop triggering test.  (a) The pulled-back probe 
body is held in place with PEG, storing energy in the deflected 
legs.  (b) The PEG is dissolved by adding saline, thereby 
straightening the legs and pushing the tip forward by 
approximately 50 μm.  Scale bars = 500 μm.  

 
The third critical component of the device is the electrical 

functionality of the electrode sites.  We measured the impedance of 
the electrode sites in saline (using an Agilent 4294A precision 
impedance analyzer) to be ~70-400 kΩ at 1 kHz, which is within 
the typical range for recording electrodes. 

 
The benchtop tests above, thus, demonstrate successful 

mechanical and electrical characterization of the various critical 
components of the device. 

 

In Vivo Testing – Electrical Functionality 
To demonstrate electrical functionality of the electrodes in an 

in vivo setting, we inserted untriggered probes in the motor cortex 
of adult female Long Evans rats.  Neural data were recorded intra-
operatively under ketamine/xylazine anesthesia upon initial 
insertion of the device using a commercially available recording 
system (Tucker Davis Technologies) and single unit waveforms 
were discriminated using time-amplitude windows.  Figure 7 
shows a pile plot of the sorted waveform (action potentials) and the 
distribution of the inter-spike intervals recorded.  These 
preliminary tests demonstrate the efficacy of the device in 
recording neural activity in an acute in vivo setting. 

 

 
Figure 7: Inter-spike interval histogram (left) and time-amplitude 
sorted waveforms (right) recorded intra-operatively immediately 
following device insertion. 
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Figure 8: In vivo acute recordings of neural activity in the medial prefrontal cortex of a Thy1-ChR2-YFP optogenetically active mouse.  
(a) The probe is inserted into the mouse brain in the deflected configuration (Scale bar = 500 μm).  (b)-(d) Neural activity (Local Field 
Potentials (LFPs) and Multi-Unit Activity (MUA)) is then recorded closely following 20 laser stimulation trains (laser wavelength = 473 
nm).  (e) The probe is then triggered causing the tip to pierce ~50 µm deeper into the brain.  (f)-(h) Neural activity is recorded again in 
response to the same laser stimulation as in (b)-(d).  LFPs ((b),(f)), MUA ((c),(g)) and MUA histograms ((d),(h)) in response to the laser 
pulses all indicate successful electrical recording both before and after probe deployment. 
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In Vivo Testing – Integrated Functionality 
Finally, we confirmed the integrated electrical and mechanical 

functionality of the probes under acute in vivo conditions in the 
medial prefrontal cortex of anesthetized (ketamine/xylazine) 
transgenic Thy1-ChR2-YFP mice.   We inserted the probe in the 
deflected configuration (Figure 8a), and recorded neural activity 
(Figures 8b-d) closely following 20 laser stimulation trains (each 
train consisting of 10 pulses at 10 Hz with 5 ms pulse duration, and 
an inter-train interval of 5 s) delivered using a stationary optic fiber 
inserted adjacent to our probe.  The probe was then triggered by 
applying saline to the PEG glue causing the tip to pierce ~50 μm 
deeper into the brain (Figure 8e).  Neural activity was recorded 
again (Figures 8f-h) in response to similar laser stimulation as in 
Figures b-d.  Local field potentials (LFPs, 1-1000 Hz filter 
settings, 3 kHz sampling frequency) (Figures 8b,f) indicate 
successful electrical recordings before and after deployment 
(colored lines indicate individual recordings from each of the 20 
laser trains while the black line indicates the average of these 20 
recordings).  The LFP amplitude decreases after deployment in 
Figure 8f as expected since the probe tip moves deeper into the 
brain and further away from the stationary source of laser 
stimulation.  Simultaneously with LFPs, we successfully recorded 
multi-unit activity (MUA) in response to laser pulses both before 
and after probe deployment (raw traces in Figures 8c,g, filter 
settings 0.3 - 8 kHz, ~50 kHz sampling frequency).  Histograms 
for quantification across trials (Figures 8d,h) confirmed the 
reliability of the evoked activity over a total of the 20 laser 
stimulation trains.  To ensure physiological origin of the recorded 
activity, we raised the stimulation frequency to 100 Hz resulting in 
loss of the correlation between stimulation and neural response as 
reported previously [13] (data not shown).  We also performed a 
negative control experiment following the animal tests by 
immersing the probes in 0.9% sodium chloride solution and 
detected no response following optical stimulation (data not 
shown). 

 
These tests demonstrate successful in vivo triggering and 

electrical recording of neural activity in acute conditions, paving 
the way for chronic triggering and recording tests using our device. 

 
CONCLUSIONS 

We present the development and successful testing of a new 
type of reconfigurable neural probe with small dimensions, 
designed to record neural activity for extended periods of time.  
Currently, technologies to do this are limited by both acute 
vascular injury and prolonged tissue reaction, the latter mediated 
by the body’s immune reaction to foreign objects.  The 
combination of these factors limits the reliability of single-unit 
recording from the brain.  Our probe aims to advance beyond the 
tissue undergoing an immune reaction by changing shape at a time 
well after initial insertion into the brain, with sufficiently small tip 
dimensions so as not to trigger further reaction.  We have 
demonstrated successful triggering and electrical recordings from 
this device in an acute setting in the rodent brain.  This technology 
holds promise for creating chronic interfaces for recording stable 
neural activity. 
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