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ABSTRACT 
Image-guided, minimally-invasive cochlear implant surgery 

is a novel “keyhole” surgical approach for placing a cochlear 

implant electrode array eliminating the need for a wide-field 

mastoidectomy approach. Image guidance is used for path 

planning which is followed by the construction of a customized 

micro-stereotactic frame to drill a narrow channel from the skull 

surface to the cochlea. Herein, we present an insertion tool that 

uses roller wheels to advance the electrode array through the 

narrow tunnel and into the cochlea. Testing in a phantom 

revealed that when compared to insertions with surgical forceps, 

the new insertion tool was on average 26s faster, produced 

complete insertions more often (i.e. in 6/6 trials, vs. 1/6), and 

reduced array buckling (0/6 trials vs. 5/6). The tool provides a 

viable solution to complete the last step of this novel, minimally-

invasive procedure. It also provides the advantage over 

previously developed manual insertion tools of enabling the 

surgeon to blindly actuate the roller wheel tool to advance the 

electrode into the tunnel. This allows the surgeon to visualize and 

guide insertion into the cochlea from a more advantageous 

visual perspective. 
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INTRODUCTION 
Cochlear implant (CI) surgery helps to restore hearing to 

patients who have profound sensorineural hearing loss. This 

procedure involves inserting an electrode array into a fluid-filled 

channel within the cochlea, the scala tympani (ST), through its 

natural opening (round window) or through a drilled-hole near 

the round window (cochleostomy). Once inserted, electrical 

signals are transmitted through the electrode array to directly 

stimulate the auditory nerve and are capable of helping a patient 

achieve significant hearing restoration.  

Despite being one of the most successful neural prosthetic 

devices to date [1], there are still significant challenges 

associated with surgical implantation. First, to gain access to the 

cochlea, a mastoidectomy is performed, which involves the 

removal of approximately 100 mL of bone from the lateral skull 

surface behind the ear to allow visualization of the target. As 

dissection progresses deeper, the facial recess—a space defined 

by the region between the facial nerve and chorda tympani—is  

opened. Care is taken to prevent damage to the facial nerve 

(damage causes drooping of the patient’s ipsilateral face) and ear 

canal (damage causes breech of the sterile field). After 

dissection, the implant is manually inserted under direct 

visualization using surgical forceps. This procedure is invasive, 

time consuming, and dependent on the surgeon’s knowledge and 

experience to safely navigate through the complex anatomy.  

With the help of image-guidance technology, our group has 

developed and validated a minimally invasive image-guided CI 

(MICI) surgical technique [2] previously referred to as 

percutaneous cochlear implant (PCI) surgery. A group in Bern, 

Switzerland has also seen excellent success performing a similar 

procedure using a robotic arm [3]. The first step of MICI consists 

of calculating an optimal linear path from the lateral skull surface 

to the cochlea. Once this path planning is completed using the 

patient’s preoperative CT scans, drilling is conducted in two 

stages – a wider tunnel lateral to the facial neve followed by a 

narrower tunnel that passes through the facial recess [4]. 

Segmentation of the left ear anatomy [5-7] and drilling into the 

lateral skull surface can be seen in Fig. 1 (left) and Fig. 1 (right) 

respectively. 

 

 
Figure 1: (Left) Left ear anatomy segmented from CT scan and optimal 

drill path, all as viewed from superior to inferior (e.g. top of skull toward 

feet). (Right) Drilling into lateral skull surface using customized micro-

stereotactic frame to achieve minimally-invasive tunnel access to 

cochlea. 
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After drilling is complete, the electrode array must be 

inserted into the cochlea. However, unlike traditional CI surgery, 

the surgeon does not have wide-field visualization of the cochlea 

but is limited to visualization of the insertion process through the 

ear canal after surgically raising the tympanic membrane. This 

limitation makes it difficult to insert the electrode array as the 

surgeon must blindly push the electrode array into the drilled 

tunnel while monitoring and fine tuning final insertion as 

visualized via the ear canal. Automated insertion tools have been 

developed in an effort to complete this step of the surgery [8-10]. 

Although automation offers more standardization, the automated 

tools are either designed for traditional CI surgery via wide-field 

mastoidectomy or do not provide the regulatory simplicity 

afforded by a manual tool.  

Based on these observations, manual tools have also been 

developed for CI surgery. Commercial manufacturers of CIs 

(Advanced Bionics, Cochlear, and Med-El are the three FDA-

cleared manufacturers) provide manual tools for use in 

traditional CI surgery consisting of specially designed forceps 

with bent handles to facilitate insertion of the electrode array into 

the cochlea while simultaneously allowing for visualization of 

the insertion. More involved manual insertion tools for MICI 

surgery have also been developed which have focused on 

styleted, pre-curved electrodes which require two-handed 

deployment to advance a precurved electrode off the stylet [11]. 

Herein, we describe development of a tool that has certain 

advantages over and fills gaps left by the aforementioned manual 

tools. The tool described herein (1) makes use of a novel roller 

wheel mechanism that applies a constant axial force closer to the 

cochlea, decreasing the amount of axial compression on the 

implant, (2) has a wider entry channel which can accommodate 

implants with larger diameters, notably straight (as opposed to 

precurved) electrode arrays, and (3) has a limited number of 

components which can be fabricated on a low-cost 3D printer 

(e.g. Model Form 2: Formlabs Inc.; Somerville, MA) out of 

autoclavable, Class 1 biocompatible dental resin. 

METHODS 
Design Constraints 

Design constraints were defined as shown in Fig. 2. The 

two-stage drilling process consists of a 3.80 mm lateral drill path 

that extends about 15mm from the skull surface followed by a 

narrower 1.59 mm medial drill path that ends in the air-filled 

middle ear (ME) — an area where the electrode array is 

susceptible to buckling. Notably, the surgeon does not have 

direct vision inside the drilled channel but does have 

visualization of the CI electrode entering the ME via the ear 

canal after lifting the eardrum. Dimensions of Fig. 2 are 

determined for each patient from their pre-operative CT scan. To 

accommodate this variation, one of the design constraints we 

placed on our insertion tool was that it be easily customizable. 

The design was based around the Med-El Standard 

Electrode, because it has one of the larger diameters of any 

electrode array and is also the longest, which provides 

adaptability since the tool can also insert arrays with smaller 

diameters and shorter lengths. The base diameter of the Med-El 

electrode measures 1.3 mm, including a 1.4 mm stopper, and the 

tip tapers off to 0.5 mm. These dimensions allow for only 0.19 

mm of clearance in the 1.59 mm diameter medial channel. A 

standard model Med-El electrode is shown in Fig. 3. One 

important challenge we faced in designing this device was 

identifying a material with enough structural rigidity to prevent 

buckling in the ME, yet with a wall thickness of less than 0.10 

mm (i.e. the tolerance between the 1.59 mm drill path and the 

electrode array’s diameter). This challenge was overcome using 

thin-walled, yet stiff, polyimide as described below. The 

developed tool is currently designed for straight arrays but could 

be modified for use with styleted, precurved arrays by 

incorporating a stylet arrestor hook.  

Figure 2: Drilled trajectory design constraint. 

Figure 3: Standard Med-El Electrode Array. 

Tool Development 

Our design concept is shown in Fig. 4. The tool actuates 

the electrode array via a roller wheel mechanism which creates a 

mid-channel contraction measuring 0.80 mm. The surgeon is 

able to blindly apply a steady axial force by rotating the roller 

wheels. This rotational motion is converted to axial motion of the 

implant via friction between the roller wheels and the silicone 

outer sheath of the electrode array. The distal end of the tool – 

the end closest to the cochlea – consists of a polyimide tube with 

inner diameter 1.45 mm, and outer diameter 1.51 mm, satisfying 

the aforementioned tolerance of 0.19 mm needed in the medial 

drill channel. The polyimide is connected to one half of the tool. 

The tool geometrically mimics the drilled channel; it contains a 

rigid proximal end piece with an inner diameter of 1.70 mm that 

houses the roller mechanism. The roller wheels rotate on pins 

that are press fit into the rigid end piece. A support entry tube 
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extends into the 3.80 mm drilled channel to constrain the implant 

and simultaneously minimize frictional effects. The polyimide 

tube extends into the medial channel and bridges the ME 

providing the necessary support to prevent buckling. The two 

device halves are fastened together using screws. The entire tool 

is 3D printed on a FormlabsTM 3D printer (Model Form 2:  

Formlabs Inc.; Somerville, MA) and is made out of autoclavable 

and biocompatible dental resin. Fig. 4 shows the assembled 

insertion tool as well as a cross-sectional view. After the 

electrode is inserted, disassembly of the device consists of 

removing the screws from the fastening holes and detaching the 

two device halves. The half of the tool that does not have the 

polyimide attached is removed first, and then the polyimide is 

sliced or torn apart for removal of the rest of the device. (For 

tearing, we have microperforated the polyimide along the length 

of the tube.) 

Figure 4: (Left) Assembled tool. (Right) Cross-sectional view. 

RESULTS 
A phantom model was created to expedite the prototyping 

process. Fig. 5 illustrates the phantom design including a 

standard phantom cochlea with geometry detailed in [12] 

coupled with a typical drill trajectory. This concept was 

implemented with the design of a programmable test platform in 

OpenScadTM (Fig. 5). This phantom is created on a patient-

specific basis using information from a patient’s preoperative CT 

scan, and has two noteworthy beneficial features: (1) it provides 

a representation of patient-specific anatomy, and (2) it provides 

a patient-specific drill trajectory. This design will enable patient 

specific insertion visualization, and practice. The phantom was 

3D printed on the same FormlabsTM 3D printer and was 

constructed from clear resin.  

The phantom model shown in Fig. 5 (left) was used to 

evaluate the performance of the newly developed insertion tool 

compared to the traditional approach (i.e. surgical forceps). We 

oriented the phantom model in clinically representative 

orientation and held it using a clamp, as shown in Fig. 6. The 

phantom used had the same drill trajectory dimensions as in 

Fig. 2. An experienced cochlear implant surgeon (senior author 

Labadie) performed six insertions with the insertion tool and six 

insertions with surgical forceps using a Med-El standard model 

electrode array. Before each trial, the scala tympani channel was 

refilled with soapy water to minimize friction and maintain 

consistency between tests. The time taken for insertion, whether 

buckling occurred, and insertion depth (measured by counting 

the number of electrodes along the length of the electrode array 

that were fully inserted into the cochlea with 12/12 being 

complete insertion) were measured. Fig. 6 (left) displays the 

experimental setup with the traditional tool, surgical forceps, and 

Fig. 6 (right) displays the setup with the new roller wheel 

insertion tool. We replicated the visualization capabilities of an 

actual MICI procedure by attaching an opaque plate to the top of 

the phantom model that had a ~1cm diameter hole in it to mimic 

an ear canal opening as can be viewed in Fig. 7. Data collected 

from experiments can be viewed in Table I. 

Figure 5: (Left) Preliminary phantom model. (Right) Phantom model 

with patient specific structure.  

Figure 6: (Left) Experimental setup without the new insertion tool. 

(Right) Experimental setup with the insertion tool. 
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Figure 7: Top view of experimental setup with opaque plate to mimic 

MICI visualization capabilities. 

The traditional tool required, on average, 26 more seconds 

for insertion with more variability (note that the roller wheel 

electrode array insertion time does not include post-implant 

disassembly, i.e. the comparison is made solely on insertion 

time.). The traditional tool required, on average, 125 ± 42 

seconds for insertion compared to the new tool, which required 

99 ± 28 seconds, on average, for insertion. Table I shows 

insertion depth comparison using the traditional tool versus the 

new tool. As can be seen in Table I, no buckling occurred with 

the roller wheel tool (0/6) compared to almost universal buckling 

with surgical forceps (5/6). Insertion depth was consistently 

deeper with the roller wheel tool (complete insertion in all cases) 

versus surgical forceps (average 11.2 electrodes out of 12 

inserted into the cochlea).  

Table I: Buckling and insertion depth comparison. 

Trial Buckling 

Electrodes in ST 

out of 12 

Traditional 

Tool 

1 Y 11/12 

2 N 12/12 

3 Y 11/12 

4 Y 11/12 

5 Y 11/12 

6 Y 11/12 

New Tool 

1 N 12/12 

2 N 12/12 

3 N 12/12 

4 N 12/12 

5 N 12/12 

6 N 12/12 

CONCLUSION 

In this paper we have presented a novel insertion tool for 

minimally invasive image-guided cochlear implant surgery. This 

tool completes an important last step – insertion of the electrode 

array. Future plans include refining the disassembly process of 

this tool, improving ergonomics, and clinical introduction. The 

tool described in this paper is advantageous for reducing 

buckling occurrences, increasing the rate of complete insertion 

of the array, and freeing the surgeon to monitor the insertion.  
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