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Abstract 
Functional electrical stimulation involves artificial electrical stimulation of muscles with implanted 
electrodes to elicit movement in paralyzed limbs. Implanted electrodes often migrate from their 
site of insertion. Therefore, the purpose of this project was to develop and test an electrode 
system that: 1) minimizes electrode migration, 2) is biocompatible, 3) has small leads needed to 
accommodate large numbers of electrodes, and 4) is efficient to implant within one surgical 
session. Two electrode designs were tested: a dart (conically shaped) and an anchor 
(cylindrically shaped) electrode. Sixty electrodes of each type were surgically implanted into 
upper limb muscles of two rhesus macaque monkeys. The threshold stimulation needed to 
evoke contraction was measured on the day of surgery and on two occasions post-implantation. 
Only 46 dart and all 60 anchor electrodes remained functional several weeks after surgery.  No 
biocompatibility problems were encountered. Threshold stimulation intensities were low (< 3.0 
mA) and remained stable for up to 21 weeks following surgery. While preliminary, these results 
suggest that the anchor-type electrodes might serve as a stable and effective electrode for 
restoring movement with functional electrical stimulation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Introduction 
Functional electrical stimulation (FES) is a technique that uses artificial electric impulses to 
stimulate muscle contraction. This technology has been used to elicit contractions in otherwise 
paralyzed muscles to restore movement (Mortimer 2011; Kilgore et al. 1989; Peckham & 
Knutson 2005; Memberg et al. 2014). In most implementations, electrodes are directly and 
permanently implanted into the target muscles. One type of electrode that has been used for 
FES are hook-wire electrodes (Figure 1A). These electrodes are simple to fabricate and to 
insert. A major problem with these electrodes, however, is that they tend to migrate out of the 
muscle over time. Migration from their implantation site can cause a change in the level of 
stimulus needed to elicit the same response.  
 
To help minimize electrode migration, sophisticated electrodes, like the one developed by 
Ardiem Inc. (Figure 1B) have a plastic anchor to help secure the electrode(s) in the target 
muscle. In addition, the leads from these electrodes are helically coiled and packaged within in 
an elastic, biocompatible sleeve. Such elasticity provides good strain relief on the electrodes as 
the limbs move helping to prevent the electrodes from being pulled out of the muscle. One 
drawback of these electrodes is their relatively large size (> 1 mm diameter). The bulky cabling 
of many of these electrodes under the skin can lead to irritation, poor wound healing, and 
immune system rejection. Figure 2 shows an example of skin breakdown over a set of Ardiem 
electrodes implanted into the upper limb of a rhesus macaque monkey. In these cases, the 
electrodes must be removed. 
 

 
Therefore, the goal of this project was to develop and test a new type of electrode designed to 
mitigate these problems. We wanted to first evaluate surgical implementation, stability, and 
biocompatibility in a small set of electrodes implanted in a muscle of rhesus macaque monkeys 
but with no externalized connectors. After confirming that these electrodes were safe and 
stable, we implanted most muscles of the right upper limb in two monkeys. We then monitored 
these electrodes for migration, biocompatibility, and efficacy in activating the target muscles.  

  

 

Figure 1.  A) Hook-wire 

electrode. A wire with an 

uninsulated tip is loaded 

into a needle for insertion. 

B) Ardiem Inc. electrode.  

 

Figure 2.  Example of an implant using 

the Ardiem Inc. electrode where the 

skin has broken down.  

 



Methods 
Overview: 
The new electrodes were designed as a tool to be used in long-term subdermal implantations. 
However, first we wanted to test the safety and stability of these electrodes on a smaller scale, 
so we performed test implants. This was performed on two monkeys with two electrodes 
inserted into each monkey but with no externalized connections (for simplicity, we refer to these 
as dummy electrodes). There were no problems encountered with the dummy electrodes, so we 
proceeded with the first major implantation. This involved 60 electrodes inserted into 30 different 
target muscles of the right upper limb in one monkey. We identified some improvements in the 
surgical methods and electrode design associated with this first implant and implemented them 
for the second major implantation in a second monkey. 
 
Dummy Electrode Surgery 
The spatial stability and biocompatibility of the new dart electrodes was tested by implanting 2 
electrodes in the left anterior deltoid of two rhesus macaque monkeys. The gold dart (Figure 3) 
was custom fabricated (Mill-Max Manufacturing) and has a cone shape so it can be more easily 
inserted into muscle. The end of the dart is wider to resist being pulled out of the muscle and 
therefore anchoring it in place. It is made out of gold which is an effective conductor for 
delivering stimulating current and is highly biocompatible. 
 

 
Under general anesthesia, the left anterior shoulder region was shaved and prepared for a 
sterile procedure. An incision was made in the skin overlying the left anterior deltoid and the 
fascia was retracted. Then a tungsten electrode was inserted into the muscle and short trains (1 
s) of stimulus pulses (5 mA, 0.5 ms duration, 40 Hz) were delivered by a programmable 
stimulator (MultiChannel Systems STG4008) to evoke contractions and verify placement in the 
anterior deltoid. Once an effective site for stimulating the anterior deltoid was identified, the 
tungsten electrode was removed, and the dart electrode was inserted using a cannula insertion 
tool (see Figure 3) at the same location. This procedure was repeated at a different site in the 
anterior deltoid. The coil of wires attached to the dart electrodes were then inserted into a 
subcutaneous pocket formed by blunt dissection. The incisions were closed with sutures and X-
ray images were taken to visualize the electrode placements immediately after the surgery. In 
the weeks following surgery, photographs were taken of the wounds to document healing and 
any changes in skin coloration that might be indicative of implant rejection. After a period of 28 
weeks for monkey 1 and 41 weeks for monkey 2, another set of X-rays were taken to evaluate 
electrode migration. 
 
Full Implant Surgery 
Preparation 
Prior to surgery, multi-stranded, stainless steel wires coated with Teflon (Cooner Wire, AS 633, 

outside diameter = 0.3 mm) were soldered to a connector board. In addition, a large disk 

Figure 3. Gold dart 

electrode crimped onto 

insulated lead (bottom) 

and loaded into insertion 

tool (top).  

 



electrode (silver-silver chloride, 1 cm diameter) that served as a ground was also soldered to 

the board. The connector board was then mounted into a cylindrical Delron chamber with a 

removable lid secured with a setscrew. Sixty electrodes (2 for each of the 30 target muscles), 

each about 75 cm in length, plus the ground, emerged from the chamber. After identifying the 

connector pin to which each wire was soldered, the ends of the wires were painted (Testors 

paint) with a 4-band color code designating the target muscle. For easy visualization during 

surgery, each band was about 1 cm in width. The color of the first (distal) band corresponded to 

the bundle, either indicating a dorsal bundle or a ventrally-directed bundle. Each bundle was 

implanted at different stages of the surgery (Figure 4A). The color of the second band indicated 

the incision site to which wires were to be tunneled. The color of the third band corresponded to 

the specific muscle at a given incision site. The fourth band (white or black) distinguished the 

two electrodes destined for each muscle. Once the color codes were applied to all wires, they 

were grouped according to the exit incision and bundled with sutures at a few positions along 

their length. All the wires were then wrapped around and secured within a flexible plastic thread 

bobbin (Beadsmith XTL-6103) to protect the wires during the initial stages of the surgery and to 

prevent tangling. 

 
  

 

A B 

C D 

Figure 4. A) Anatomy of posterior arm and shoulder. Ovals represent incision site and lines represent 

wire tunneling. B) Anatomy of anterior arm. C) Anatomy of posterior arm. D) Color code key for 

each muscle. 

 



Surgery 
Monkeys were sedated in their home cage with Ketamine HCL (10– 15 mg/kg intramuscular) 
and then anesthetized with isoflurane (1.5– 2% in 100% oxygen) delivered through an 
endotracheal tube. Fur was removed from the skull, right arm, and right upper quadrant of the 
torso. The monkey’s head was then fixed in a stereotaxic frame for the initial phase of the 
surgery. Under sterile conditions, a transverse incision was made on the top of the skull and the 
temporalis muscles and fascia were resected to prepare the site for mounting the cylindrical 
connector encasement. Ten titanium screws were inserted into the skull (Figure 5) to anchor 
dental acrylic cement used to secure the encasement. Then the encasement was placed on the 
skull and a Teflon dam was put in place to encircle the outside of the bone screws. Dental 
cement was poured into the area within the Teflon dam, which sealed and attached the 
encasement to the skull of the monkey. After the cement hardened, the Teflon dam was 
removed. The wires exited the encasement posteriorly and were then pulled through to an 
incision made between the two scapulae. The incision on the skull was closed with suture 
(Figure 5B) and the head was removed from the stereotaxic frame. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

The skin overlying the arm, shoulder, back, and neck were then prepared for surgery with 
antimicrobial scrub. The animal was positioned in semi-prone position with the shoulder 
abducted and the elbow flexed. Several incisions were made corresponding to a location above 
target dorsal muscles for electrodes to be inserted (see ovals in Figure 4A-B). Wire bundles 
were then tunneled under the skin to their target incision. The bundles that were targeted to the 
most distal incisions were pulled through each of the more proximal incisions. When the bundles 
reached their target incision, the wire ends were exteriorized at the incision so that group of 
wires was effectively “dropped off” at the incision. 

 
Beginning at the most distal site, stimulation through a tungsten electrode was first used to 
identify a site that evoked robust contraction in the desired muscle. The corresponding wire was 
found based on the color code (Figure 4D) and was cut to a length so there was approximately 
5-7 cm of wire emerging from the incision. Insulation was then removed from about 2 mm of the 
end of the wire using a thermal wire stripper. A gold dart (see Figure 3) was then crimped onto 
the wire using a crimping tool (Daniels Manufacturing, AFM8). The dart was loaded into the 
insertion tool with the wire exiting the tool in a slot cut along its shaft. An 18-gauge needle was 

Figure 5. A) Insertion of the bone screws. B) Finished encasement implant. The white cap can be 

removed to have access to the connector. 

 

A B 



then used to create a preliminary pathway adjacent to the tungsten electrode that was still in 
place. The tungsten electrode and the 18-guage needle were removed and the dart electrode 
was immediately inserted into the pathway created by the 18-guage needle. The flange on the 
dart helped retain the dart in place when the insertion tool was removed. Trains of stimulus 
pulses (1-s trains, 0.5 ms duration pulses, 40 Hz) were delivered by the stimulator 
(MultiChannel Systems, STG4008) every 2 s with stimulus amplitude incrementing in 1 mA 
steps beginning at 1 mA. The threshold current was noted based on the intensity that first 
evoked a visible contraction. If the stimulation activated the wrong muscle, activated multiple 
muscles (presumably due to placement adjacent to a peripheral nerve), or had a high threshold, 
the dart was removed, and a new insertion site identified. 

 
Once all the electrodes were inserted at a particular incision site, the slack from all the wires 
were tucked subcutaneously into the incision and quill-type sutures (Quill Monoderm, Surgical 
Specialties) were used to close the incision. This process was continued at the next most distal 
site until all the electrodes on the dorsal side were inserted and the incisions closed. 

 
The monkey was then turned over to expose the ventral side. The animal was then re-prepped 
and re-draped. Again, incisions were made at a number of sites on the ventral side (Figure 4C), 
the wires were tunneled subcutaneously to the appropriate incisions, and electrodes inserted as 
described above. 
 
As the animal was weaned off the anesthesia, surgical dressings (3M, Tegaderm) with 
antimicrobial crème were applied to the incision sites. Heavy duty vet wrap was wrapped around 
the arm and torso of the animal which was then covered with a protective jacket to immobilize 
the limb. This immobilization of the limb was maintained for a period of one week in order to 
help anchor the electrodes in place (Bhadra and Mortimer 2006).  
 
During the surgery on the first monkey, we encountered some problems that we tried to address 
before the next surgery. One problem was associated with the large amount of force required to 
insert the dart electrode into muscle. Such large forces likely led to some tissue trauma that may 
have extended healing time. It was also difficult for the surgeon to control the depth of insertion 
because once a large enough pressure had built up at the dart-tissue interface, the tissue gave 
way abruptly and the dart plunged rapidly to a new depth. Furthermore, once the dart was 
inserted but was still in contact with the insertion tool, there was no means to stimulate through 
the dart to determine whether that site produced an effective contraction of the target muscle.  
Finally, the time required to insert and test with a tungsten electrode, then insert an 18-guage 
needle to form a path, and then insert the dart with the insertion tool seemed excessive.  
 
As a consequence, we redesigned the electrodes and the insertion technique. The gold anchor 
electrodes were fabricated to be smaller in diameter such that they could fit fully within the 
cannula of a 14-guage sharp needle (Figure 6). A stimulating lead was soldered to the cannula 
and the entire cannula, except the tip, was coated in polyurethane insulation. The insertion 
technique was changed such that after identifying the target site with a tungsten electrode, the 
needle carrying the anchor electrode was inserted immediately into the site just vacated by the 
tungsten electrode. Target muscle placement was then verified by stimulating through the tip of 
the needle before the anchor electrode was inserted. When the desired location was found, a 
small plunger (Figure 6) was used to deploy the electrode in the muscle and then the needle 
was removed. The other aspects of the surgery were performed in the same manner as in the 
previous surgery. 



 
 

Results 
Dummy Electrode Results: 
The goal of the dummy electrode implant was to test and evaluate the stability and 
biocompatibility of the dart electrode. Wound healing was assessed for several days following 
the surgery. Pictures of the incision sites were taken on days 3, 8, 13, and 28 (Figure 7). The 
appearance of the wound and the surrounding skin showed no indication of implant rejection nor 
infection during the healing period. After 11 months post-implant of the dummy electrodes, there 
has been no evidence of biocompatibility problems. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition, X-rays were taken immediately after the implant and 28 weeks post-implant for the 
first animal (Figure 8A-B). The second animal had X-rays taken immediately after the implant 
and 41 weeks post implant (Figure 8C-D). There was little evidence of significant electrode 
migration for either animal. 
 

Figure 7. Wound healing over time 

for the anterior deltoid incision. 

 

Figure 6. Anchor electrode with 

insertion tool and plunger. The 

electrode is a smaller diameter to fit 

inside the cannula. Cannula contains 

a stimulating lead. Plunger controls 

depth at which electrode is inserted 

for a more precise insertion. 

Day 3 Day 8 

Day 13 Day 28 



 
 
Full Implantation Results: 
The incision sites for the full implantation also healed well with no sign of infections for both 
animals. In one monkey, an infection developed at the skin margin adjacent to the encasement 
approximately 4 months after implantation. This was treated with antibiotics, both topical and 
long-lasting intravenous.  
 
At the time of implantation, the stimulation thresholds for each electrode were tested and 
recorded. This was repeated in the first animal (dart electrode implant) 18 weeks after the initial 
implantation and again at 21 weeks post implantation. The monkey was anesthetized and 
placed in a child’s car seat. The animal was strapped into the seat and the hand was attached 
to a 6 degree-of-freedom force/torque transducer (Figure 9). To test the stimulation threshold for 
each electrode, 1-s trains of current pulses (starting at 1mA and incrementing in 1 mA steps) 
were sent through the head stage to stimulate each muscle. Figure 10 shows an example of the 
force responses to incrementing stimulus intensities. In this example, the first sign of muscle 
contraction was evoked in response to 1 mA. Based on these tests, 46 of the original 60 
electrodes were still functional after 18 and 21 weeks of implantation.  
 
X-ray images at 21 weeks post-surgery in this animal showed clear evidence that electrode 
leads had detached from the darts in those electrodes that had failed to evoke contractions 
(Figure 11). Presumably, the leads then migrated out of the target muscles into the surrounding 
fascia.    
 
Of those muscles that remained functional, the average threshold currents were 2.2 ± 1.4 mA at 
18 weeks and 2.2 ± 1.6 mA at 21 weeks. These values were slightly higher than those 
measured on the day of the surgery (1.4 ± 0.7 mA). This may have been due to some modest 
migration of the electrodes from their original insertion point during surgery before they 

A B 

C D 

Figure 8. A) Animal 1 – implantation 

day. B) Animal 1 – 28 weeks post-

implantation. C) Animal 2 – 

implantation day. D) Animal 2 – 41 

weeks post implantation 

 



stabilized within the muscle. Also, determination of threshold during surgery was based on 
visual identification of the first detectable movement of the skin overlying the target muscle. The 
force/torque transducer in the later experiments may not have detected such subtle initial 
contractions. 

 
 
 
 

 

Figure 9. Set up for the threshold and 

force/torque transducer experiment. 

The monkey was intubated and 

strapped into an infant car seat. The 

head was held upright with a 

pediatric neck brace. The hand and 

wrist were secured to a frame 

mounted on a 6 degree-of-freedom 

force and torque transducer (JR3, 

45E15A4).  

 

 

Figure 10. Forces evoked in 

supraspinatus muscle in response to 

pulse trains with increasing current 

amplitudes. 

 



 
 
  
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Stimulation thresholds were tested in the second animal (implanted with the anchor electrode) 5 
and 8 weeks post implantation. All 60 electrodes were functioning at both time periods. The 

average thresholds at 5 and 8 weeks were very similar (3.0  2.2 mA and 2.8  2.3 mA, 

respectively) but were again slightly higher than that on the day of the surgery (1.5  0.7 mA).  
 

Discussion 
This study tested the efficacy of new electrodes in long-term intramuscular implants. Two 

different electrode designs were tested – dart and anchor electrodes. A dummy electrode 

implant was performed first using the dart electrode to test the biocompatibility of the electrode. 

This test implant showed no biocompatibility issues. Sixty dart electrodes were then implanted 

in one animal and 60 anchor electrodes in the other animal. In both implantations, there were no 

biocompatibility problems encountered with the electrodes or wires. Several of the dart 

electrodes (14 of 60) had failed by 18 weeks post implantation while all 60 of the anchor 

electrodes were fully functional 2 months after implantation. For all functional electrodes, 

evoked contractions were in the desired muscle indicating that those electrodes did not migrate 

significantly from their original insertion site. Furthermore, stimulation thresholds were low and 

remained very stable over the 2 – 4 month period following surgery. While preliminary, these 

results indicate that anchor-type electrodes might provide a biocompatible and long-lasting 

implant that could be used in future functional electrical stimulation systems.  

 

The major difference between the anchor and the dart electrode is the smaller diameter of the 

anchor electrode. This likely affected the effectiveness of crimping the electrode to the wire. 

During practice sessions for crimping the dart electrode, the wire occasionally would not be 

secure within the dart and could be pulled apart. Indeed, X-rays of the implanted dart electrodes 

(Figure 11) showed that electrode leads pulled out from the base of the dart. No similar 

problems were encountered with the anchor electrodes during practice or during the actual 

implantation. Furthermore, the mismatch in the masses of the relatively large dart and the small 

Figure 11. X-Ray of the implanted 

dart electrodes. Red dots signify dart 

electrodes that are not attached to a 

wire. Red arrows signify the ends of 

a wire that are not crimped into an 

electrode.  

 



lead wire may have led to additional strain on the crimped connection between them and 

contributed to higher incidence of failure in the dart compared to the anchor electrodes. 

Because the test duration has been shorter for the anchor electrodes, we would like to continue 

to monitor the stability of the anchor electrodes in order to assess their long-term efficacy. We 

would like to confirm that they are stable and hope to continue to see that all 60 electrodes 

remain functional. While the current success of this implantation is promising, the 

biocompatibility and stability of these electrodes will need to be tested on a larger sample size of 

animals. 

In the future, some improvements that could be made are making smaller incisions during the 

implantation to lessen the trauma of the surgery. In the two implantations that were preformed, 

the incision site size was made larger than necessary to ensure proper visualization of the 

muscle and accurate placement. With this previous experience, a smaller incision can be used 

to still yield accurate placement. Additionally, switching to a wireless transmitter with no 

externalized components would lower the risk of infection and damage to the implantation. It is a 

challenge to keep the skin margin surrounding the encasement clean long-term after the 

implantation. This can lead to infections that have the potential to spread if it is not managed 

properly. Furthermore, the animals currently have direct access to the encasement and despite 

the protective cap, they could cause damage to the connector.  

Past designs of intramuscular electrodes have encountered problems with biocompatibility and 

electrode migration. These new anchor electrodes were designed to mitigate this issue and so 

far, indicate that they are a good alternative. However, further research is necessary to evaluate 

their long-term use. 
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