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Abstract 
Spinal cord injury leaves high level tetraplegics unable to control their upper extremities. 

Functional electrical stimulation can be used to artificially activate muscles. Restoration of 

movement using such functional electrical stimulation thus far has been limited to a small set of 

simple movements due to the difficulty in identifying stimulation patterns for more complex 

behaviors. Inspired by the natural control of muscles, the work in this dissertation uses muscle 

activity and movements recorded in healthy subjects to estimate the relationship between them 

using artificial neural networks. To gather the muscle activity needed to train the artificial neural 

network, a large-scale intramuscular electrode system was developed. Muscle activity and 

movement kinematics recorded during reaching behavior in non-human primates were used to 

train the artificial neural networks. The trained networks were used to identify the stimulation 

patterns needed to evoke a wide range of movements. Intramuscular electrodes used to record 

muscle activity were then used to stimulate the muscles using the identified stimulation patterns. 

The movements generated from these stimulation patterns matched the intended movement 

significantly better than a stimulation pattern shuffled across muscles. Overall, the intramuscular 

electrode system developed here provided stable recording and stimulation over months. We also 

developed and compared non-invasive systems needed to extract movement intention that would 

serve as an input to drive our ANN-based functional electrical stimulation. These systems relied 

on head movement or voice, both of which are available to high-level tetraplegics. As a stand-in 

for an arm controlled with functional electrical stimulation, a robotic arm was used. Human 

subjects used head movements to control robot arm position, robot arm velocity, or voice to 

perform a 3D pointing task. Head control with position mapping worked significantly better than 

the other methods. The work presented here demonstrates significant advances toward 

controlling functional electrical stimulation for unrestricted upper limb movements.  
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 This dissertation focuses on the restoration of function in paralyzed upper limbs using 

functional electrical stimulation (FES). Three studies are described within that addressed this 

problem. The first sought to advance a non-human primate model for upper limb FES research, 

refining surgical techniques needed for long-term stability of implanted intramuscular electrodes 

in the arm. The second made use of this model to produce a wide range of complex arm 

movements using FES. In the third study, non-invasive methods needed to extract movement 

intention by the user (which would be necessary to control FES) were assessed. The introduction 

includes background information about spinal cord injury, information on various approaches to 

restore arm movement after spinal cord injury, and specific information about FES and how it 

pertains to the studies within this dissertation. The final section of the introduction provides 

background information about brain machine interfaces and other methods used to extract 

movement intentions from high-level tetraplegics. The introduction is followed by three chapters 

describing the studies performed. These are followed by a brief chapter summarizing the main 

findings with speculation on future directions. 

Spinal cord injury and paralysis 

 Spinal cord injury (SCI) results in the loss of motor function (paralysis) and sensory 

function. Usually resulting from a traumatic accident, SCI is prevalent across the world. To 

select and deploy appropriate rehabilitation methods that can partially improve function in SCI 

individuals, it is important to understand the severity of the injury and how the injury progresses. 

This section focuses on the causes of SCI, how injuries are classified, and how SCI injury 

progresses after the initial injury. 



11 

 

Causes and incidence 

 SCI results in a disconnect between the brain and the rest of the body. The flow of 

ascending and descending information between the brain and spinal cord is necessary for motor 

output such as walking, grasping, and reaching as well as experiencing the external world 

through somatosensory inputs and our internal states through interoception. Given this, it should 

come as no surprise that those suffering SCI also suffer a loss of independence and overall lower 

quality of life (Merritt et al., 2019). In addition to the human toll SCI inflicts, there is also an 

economic toll on the individual, their families, and society. The World Health Organization 

reports that there are between 250,000 and 500,000 incidences of SCI each year, which amounts 

to substantial physical, mental, and monetary burdens (WHO, 2013). Treatment the first year 

after injury is the costliest, averaging $525,000. Although, treatment in subsequent years is still 

high, averaging $80,000; this does not consider costs associated with adapting transportation and 

housing to make it accessible, or losses of wages and productivity among other indirect costs 

(DeVivo et al., 2011). Psychiatric care must also be considered as patients report high levels of 

depression, thoughts of suicide, anxiety, and other negative affective states stemming from their 

loss of mobility and independence (Peterson et al., 2020).  

 With so many new cases of SCI each year and the high costs, it is important to 

understand what contributes to the incidence of SCI, as prevention is preferred over post-injury 

treatment. In a 10-year study looking at those with recent SCI, they found people under the age 

of 14, regardless of gender, were unlikely to experience a SCI (incidence < 1/100,000). The 

incidence rate for females is largely unchanged until they reach 65 years old. However, the 

incidence in males jumped (~ 2/100,000) at around 15 years old and increases again once they 

reach 65+ (~ 4/100,000) (Beck et al., 2019). 
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 In decreasing order, SCIs are caused by traffic incidents, falls, violence, or sports – in 

total accounting for 90% of SCIs (Beck et al., 2019; Kahane, 2013; NSCISC, 2019). 

Interestingly, as people age, their risk of having a SCI because of a vehicular accident decreases, 

but their risk of developing a SCI because of falling increases (Beck et al., 2019). Generally, 

these broad trends are followed across populations, though culture, laws, environment, etc. all 

affect specific contributions to SCI in any given population. For example, in countries that 

experience more gun violence, such as the United States, Brazil, and Mexico, SCIs because of a 

gunshot wound or violence increases in proportion to those caused by vehicular accidents or 

falling. However, a reduction in risk for SCI as a result from a vehicular accident might decrease 

in relation to falling and gun violence in countries with fewer cars or better traffic and public 

transportation infrastructure. 

Types - classification of spinal cord injuries 

 SCIs are classified by the cause of injury, the level of injury, injury completeness, and the 

amount of time that has passed since the injury was sustained. An accurate assessment and 

reliable scoring system was developed out of necessity to determine if SCI severity is worsening 

over time and to assess treatment efficacy. 

 A primary injury describes the forces that caused the initial injury to the spinal cord, in 

the form of compression, tearing, or stretching of spinal cord tissue (Sekhon & Fehlings, 2001). 

Compression or stretching of the spinal cord is usually seen with blunt impacts to the spine, 

whereas tearing or ripping of the spinal cord is usually seen with sharp object impacts as seen in 

a stab or projectile wound (Dumont et al., 2001). The primary injury severity and mechanism 

dictates initial treatment and how the injury will progress (Tator, 1983). Fragments of bone often 

become dislodged and apply prolonged compression, necessitating the need for decompression 
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surgery (Oyinbo, 2011). Secondary injuries are physiological responses to the primary injury 

(Dumont et al., 2001). The overall severity of the lesion usually increases overtime because of 

processes associated with the secondary injury that may change classification and level of the 

SCI. 

 The level of injury, or location of the injury along the spinal cord, affects which parts of 

the body are affected. Sensory signals ascend the spinal cord, with rostral segments carrying 

sensory and autonomic signals from more caudal segments. Motor commands descend the spinal 

cord from rostral to caudal. Generally, SCI is classified to be either tetraplegia or paraplegia; 

tetraplegics lose some function of their arms resulting from cervical spinal cord damage. 

Paraplegics retain upper extremity function, but sensory and/or motor functions in lower 

extremities are affected. Injuries that occur more rostral in the spinal cord will result in more 

“severe” symptoms in that they will affect more of the body.  

 Severity of injury is also described in terms of how complete the disconnect is between 

the caudal and rostral spinal cord. SCI can be classified as complete or incomplete. In a complete 

injury, there is no transmission of neural signals past the injury. In an incomplete SCI, there is 

some signal transmission past the injury site. Symptomatically, this is reflected in partial 

sensation and/or motor control below the site of injury. Most cases of SCI do not fully sever the 

spinal cord (Alizadeh et al., 2019). 

 The American Spinal Injury Association (ASIA) scoring system combines the level of 

injury and severity of injury in its assessment of SCI. Sensory and motor function is scored based 

on the level of sensation and the strength of muscles. By testing for sensation in each dermatome, 

and on each side of the body, clinicians assess remaining sensory function. Additionally, by 
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testing muscle strength throughout the body, they can determine the level of injury and whether 

it is complete or incomplete (Waring et al., 2010).  

 The ASIA impairment scale (AIS) scores sensory and motor impairment below the site of 

injury (2019). Scores range from A to E, where A is complete impairment and E is unimpaired 

sensory and motor functions, B means there is some sensory function, C means there is partial 

muscle control but fewer than half of the key muscles can be moved against gravity, finally D 

means more than half of the key muscles can move against gravity. 

 Besides the severity and level of the SCI, time since injury onset is often reported. Time 

since injury onset is important because treatments are more effective if administered at the 

correct time point of the secondary injury progression (Fehlings et al., 2012; Sekhon & Fehlings, 

2001). Primary injury causes cell death, vascular disruption, axon disruption, and cell membrane 

and adhesion disturbances. In turn, this leads to secondary injuries involving oxygen deprivation, 

excitotoxicity, free radical formation, immune cell infiltration, etc. Each of these processes 

evolve over time, with severity changing over different time courses (Dumont et al., 2001).  

Secondary injury 

 The initial insult in SCI gives rise to secondary effects ranging from intracellular and 

molecular responses to responses from the immune system. After SCI there is a web of 

interactions at multiple levels, making it difficult to discern causation (Fig. 1) (Oyinbo, 2011). 

To fully appreciate the difficulties that must be overcome to restore signaling through the spinal 

cord, the nature of secondary injuries is described.  

Cellular and intracellular response to primary injury 

 Immediately after primary injury, cells die, axons and dendrites are negatively affected, 

and cell membranes are disrupted (Fig. 1 [1]). There is a dieback from this primary site of injury 
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as cell contents spill out and axons retract. Extracellular glutamate increases as membranes are 

disturbed [2]. As excessive glutamate spreads, it is bound by metabotropic glutamate receptors 

on nearby neurons which in turn has a toxic effect and leads to Ca2+ influx [3] (Oyinbo, 2011). 

Excessive glutamate triggered Ca2+ influx causes excitotoxicity [4], which then contributes to 

cell death [5].  

 Stemming from, and contributing to, this pathway are other processes. Suffering from 

membrane disruption, Ca2+ increases, triggering glutamate release [6]. Excessive Ca2+ is also 

highly damaging to mitochondria, causing disfunction [7]. Increases in mitochondrial Ca2+ leads 

to an increase in free radical production, places the cell in a state of oxidative stress, in addition 

to depriving the cell of ATP [8]. Without ATP, ion transporters maintaining intracellular 

concentration gradients no longer function, intracellular ion concentration gradients are 

eliminated, leading to further ion imbalance [9] (Azbill et al., 1997).  

 The increased free radical production damages other cellular components. Reactive 

oxygen species and reactive nitrogen species production is normally counterbalanced by 

antioxidants, however their increased production sways this balance, increasing oxidative stress 

[10]. These free radicals chemically alter lipids, disrupting cell membranes, and increasing the 

“leakiness” of nearby cells and cellular projections [11]. Protein and DNA is also affected by 

free radicals, which eventually leads to cell death [12]. Reactive species act intracellularly and on 

neighboring cells (Starkov et al., 2004).  

 As the mitochondria struggles, apoptosis is triggered [13] (Rizzuto et al., 2003). Cellular 

swelling also occurs during this time. Ion transporters rely on ATP to keep ion concentration 

under normal levels, these cease to function as ATP is depleted leading to intracellular [Cl-] 

increases. Water follows Cl- causing cell swelling [14] (Regan & Choi, 1991). This further 
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Figure 1:Figure 1. Secondary injury – cellular and intracellular. 

contributes to membrane disturbances, ion imbalance, apoptosis, and thus the cycle continues as 

intracellular glutamate is released upon cell death, causing excitotoxicity in neighboring cells. In 

this way, the secondary injury spreads to sites around the primary injury (Agrawal & Fehlings, 

1996; Couillard-Despres et al., 2017; Kaur & Mojumdar, 2021). 

 

 In secondary injury, not only are cells near the site of injury killed, but axons passing 

through also go through degeneration. The axon segment proximal to the cell body pulls back 

away from the injury site and will settle along the injury boundary. The axon segment distal to 

the injury site goes through a drawn-out process called Wallerian degeneration. Eventually, the 

distal segment will fragment into smaller axonal spheroids before being cleared. The myelin 

                                
           

                             
           

             
          

                                          
                  

                               

                 

  

 

 

 

 

 

 

 

  

  

  

                        
         

 

 

  

 
 

  

  

Figure 1. Secondary injury – cellular and intracellular. Blue boxes show the cellular and 

intracellular processes that lead to the progression of secondary injury in SCI. Primary 

injury (red) leads to cell death (black) in many ways. Numbers label processes outlined in 

main text. For brevity and clarity, not all processes are outlined. Adapted from text and 

figures: (Alizadeh et al., 2019; Dumont et al., 2001; Oyinbo, 2011). 



17 

 

Figure 2:Figure 2. Secondary injury – vascular damage 

sheaths that once surrounded the axon may disappear as the oligodendrocyte goes through 

apoptosis, or it may remain (Ziyin Zhang & Guth, 1997).  

Vascular damage and destruction of blood-spinal cord barrier 

 Cellular and intracellular responses are exacerbated by the vascular damage that occurs 

during primary injury. Damage to blood vessels supplying the spinal cord results in a decrease in 

perfusion (ischemia, Fig. 2 [1]) (Couillard-Despres et al., 2017; Stokum et al., 2021). 

Additionally, damage to the blood-spinal cord barrier triggers hemorrhaging [2]. Hemorrhaging 

contributes to cell death directly as blood carries neurotoxic elements [3]. Other components of 

blood also trigger an inflammatory response, further leading to ischemia [4] (Stokum et al., 

2021). The eventual breakdown of hemoglobin and other components of blood lead to free 

radical production [5] (Mayberg et al., 1990).  

 

Figure 2. Secondary injury – vascular damage. Vascular damage (pink) feeds into cellular 

and intracellular processes (blue) to further the progression of secondary injury. Primary 

injury (red) directly damages the vasculature, leading to an immune response (yellow), and 

cell death (black). Numbers label processes outlined in main text. Adapted from text and 

figures: (Dumont et al., 2001; Stokum et al., 2021) 
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 Without perfusion, the loss of nutrients causes cells to die off in droves and release a 

cacophony of toxic factors outlined in Fig. 1 and inflammatory factors which further increases 

tissue pressure and ischemia (Fig. 2 [6]) (Couillard-Despres et al., 2017; Tator & Koyanagi, 

1997). Neurons rely on perfusion to deliver oxygen and nutrients, which allow for ATP 

production, without perfusion ATP is depleted [7]. Cells unable to maintain energy balance die 

because of a mixture of problems such as issues with protein synthesis, membrane maintenance, 

or ion gradient maintenance, which all rely on ATP. Even once blood flow returns and the tissue 

is re-perfused, the introduction of oxygen leads to free radical production [8] (Anwar et al., 2016; 

Couillard-Despres et al., 2017).  

Immune responses and glial scar 

 The immune response to SCI has a later onset and lasts longer than the other components 

of secondary injury. Microglia are the resident immune cells of the central nervous system, but 

astrocytes can, and do, play a role in the immune response here as well (Popovich et al., 1997; 

Xiang Zhou et al., 2014). The breakdown of the blood spinal cord barrier due to ischemia and 

hemorrhage and resulting release of inflammatory signals drives the activation and infiltration of 

peripheral immune cells (Fig. 2 [9]) (Alizadeh et al., 2019; Asahi et al., 2001; Choi et al., 2008). 

Immune cells clear cellular debris and help wall off most severely injured areas (Cregg et al., 

2014). 

 Neutrophils are among the first immune cells to infiltrate the spinal cord after injury, 

while monocytes enter later (Donnelly & Popovich, 2008; Zivkovic et al., 2021). Neutrophils 

play a role in killing extracellular pathogens, but also respond to tissue damage (Suresh & 

Mosser, 2013). In SCI, proinflammatory chemokines expressed by glial cells and vascular cells 

attract neutrophils (Anwar et al., 2016). Neutrophils help recruit monocytes and clear cellular 
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debris through phagocytosis (Taoka et al., 1997). However, they also play a negative role by 

increasing inflammation and releasing reactive oxygen species, causing further damage 

(Zivkovic et al., 2021).  

 Infiltrating monocytes and resident microglia turn into macrophages (Greenhalgh & 

David, 2014). As they break down and clear cellular debris, they also produce reactive oxygen 

species (Donnelly & Popovich, 2008; Xiang Zhou et al., 2014). Unlike neutrophils, macrophages 

also release growth factors and promote repair (Chamak et al., 1994; Elkabes et al., 1996). In 

fact, macrophages take on one of two phenotypes during SCI, proinflammatory (M1) or pro-

regenerative (M2) (Kigerl et al., 2009). The M2:M1 macrophage ratio affects fibrotic scar 

formation, inflammation, and phagocytosis (Brennan & Popovich, 2018); the naturally found 

ratio seems to to heavily favor the proinflammatory M1 phenotype (Kroner et al., 2014).  

 Figs 1 and 2 show secondary injury has positive feedback cycles, and left unchecked, the 

injury spreads. The glial scar breaks these positive feedback cycles by blocking further 

infiltration of immune cells (Faulkner et al., 2004) and restricting inflammation (Herrmann et al., 

2008; Okada et al., 2006; Wanner et al., 2008). However, the glial scar is also one of the biggest 

barriers to axon regeneration needed for functional recovery. The glial scar is formed when 

inflammatory signals induce astrocyte hypertrophy and migration to the area surrounding the 

injury site (Schachtrup et al., 2010). Furthermore, fibroblasts, pericytes, and macrophages are 

attracted to the lesion core by these inflammatory signals (Göritz et al., 2011; Horn et al., 2008; 

Soderblom et al., 2013). 

 Macrophages in the lesion core release factors causing axon dieback (Horn et al., 2008). 

Pericytes contribute to the fibrotic scar center of the glial scar by depositing extracellular matrix 

(Göritz et al., 2011). Fibroblasts contribute heavily to the fibrotic scar by depositing collagen, 
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laminin, and fibronectin (Soderblom et al., 2013). The extracellular matrix found here is 

important for containing the injury, but it also holds signals that are repulsive to axons (Galtrey 

& Fawcett, 2007; Hunanyan et al., 2010; Massey et al., 2008; Pasterkamp et al., 1999). 

Astrocytes work to seal off the fibrotic scar by surrounding it and making up the glial scar. In 

sealing off this area, they are a physical barrier to axons (Wanner et al., 2008). With the glial scar 

in place, axons cannot grow to induce functional recovery, but without the glial scar, the injury 

will spread.  

Approaches to restore movement 

 The primary focus of this thesis is to explore how functional electrical stimulation (FES) 

could be used to restore upper limb movements. Yet, FES is only one among many approaches 

that can be applied to this problem. It seems important, therefore, to briefly explore alternative 

methods to better inform the choice of technique needed to restore movement in a given 

situation. Approaches for restoring limb movement, including FES, attempt to bridge the gap 

between the generation of movement intention in the cortex and the generation of the actual 

movements by muscles. These can be separated into six approaches: 1) neuroregeneration and 

transplantation, 2) tendon and nerve transfers, 3) exoskeletons, 4) activate spinal circuits by 

chemical or electrical stimulation, 5) therapeutic approaches, 6) electrical stimulation of 

peripheral muscle nerves (FES), each of which will be explored, in turn, in the following section.  

Neuro-regeneration and transplantation 

 One of the most attractive options for restoring upper limb movement in SCI patients 

would be to repair the injury, allowing the patient to regain full functionality and autonomy over 

the limb as it was pre-injury. However, as the previous section highlighted, glial scarring 

prevents such recovery. To minimize the effects of secondary injury and glial scarring, 
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treatments targeting various pathways in secondary injury are of great interest. For example, one 

could target ROS creation (Parmentier-Batteur et al., 2000), inflammation (Jones et al., 2005; 

Resnick et al., 1998), or immune cell infiltration (Bavetta et al., 1999; Nottingham et al., 2002), 

all of which have been and continue to be explored as viable means by which to reduce further 

injury. While effective in reducing secondary injury, glial scarring persists, and axonal 

regeneration remains a massive problem to overcome. 

 Yao et al. (2021) presented a paper highlighting three common directions that could be 

taken to tackle this problem. First, deploy repulsive signals that prohibit axons from growing into 

the glial scar. Second, improve guidance of axons through the glial scar. As stated before, glial 

scars act as a barrier preventing growing axons from reconnecting to the terminal axons on the 

other side. Overcoming this would help ensure axonal regeneration is possible during the healing 

process. And third, promote functional connections between regenerating axons and the existing 

spinal circuitry (Yao et al., 2021). Theoretically, should researchers develop means by which to 

implement these three key points, full or at least partial restoration of upper limb mobility would 

seem achievable.  

 But how would one go about tackling these problems? It has been shown that axons both 

retract from and stabilize on the border of the glial scar, but otherwise remain healthy (Hata et 

al., 2006; Y. Li & Raisman, 1995; Ruschel et al., 2015; Jan M. Schwab et al., 2005). 

Extracellular factors, and/or direct contact with cells found in the glial scar can also act as a 

repulsive signal for the growth of axons (Busch & Silver, 2007; R. J. McKeon et al., 1999; RJ 

McKeon et al., 1991; Mckeon et al., 1995; ME Schwab & Caroni, 1988; Yamaguchi, 2000). If 

one could remove then replace the glial scar with a biomaterial scaffold, it would remove the 

repulsive factors. However, without further treatments, removal of the glial scar would induce 
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further secondary injury (Busch & Silver, 2007). A means by which to mitigate this problem 

would be by embedding stem cells within biomaterial scaffolds that revascularize (Yang et al., 

2015), promote axon growth (Lijun Zhou et al., 2003), and diminish inflammation (Donnelly & 

Popovich, 2008). Another method that could eliminate repulsive signals r would be introducing 

specific antibodies or enzymes to the injury site. Antibodies targeting the signal transduction 

pathway of axons and specifically their response to repulsive signals (Han et al., 2010), or even 

introducing enzymes that break down repulsive signals (Bradbury et al., 2002), could further 

enable axons to regenerate into the glial scar.  

 Should the successful neutralization of repulsive signals be achieved, axons would be 

able to grow into the glial scar. However, their neural signals must now be guided to the other 

side. Cell transplants and tissue grafts have a role here as well. Neural stem cells transplanted 

into the SCI site act as a relay station to send neuronal signals across the injury site (Bonner & 

Steward, 2015; Katoh et al., 2019). Additionally, scaffolds that mimic the natural anatomy of the 

spinal cord could also encourage growth in the correct direction (Koffler et al., 2019).  

 Although many attempts at creating a neuro-regenerative environment have been 

researched, the regeneration of corticospinal tract neurons through the injury site in SCI has seen 

limited success (Tuszynski & Steward, 2012; Yang et al., 2015). Even when growth across the 

injury occurs, motor output improvement, as seen through movement execution, is lacking (Mark 

A. Anderson et al., 2018). Creating functional connections to the existing spinal circuitry, below 

the injury site, is imperative for recovery of movement using this regenerative approach. Only 

when cortically derived signals arrive in coincidence with the activation of spinal circuitry can 

Hebbian plasticity take place (Jo et al., 2021). Electrical stimulation of spinal circuitry, alongside 

movement training, is one way to bring about such co-activity (Jo et al., 2021).  
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Tendon and nerve transfers 

 Tendon and nerve transfers make use of still functional muscles or nerves to reanimate 

muscles that are no longer under cortical control. In a tendon or nerve transfer surgery, the 

function of one muscle is sacrificed to restore the function of another muscle. In tendon transfer 

surgery, the tendon is cut near its insertion and connected to one or many other distally located 

tendons. During nerve transfer surgery, both the recipient and donor nerves are separated into 

fascicles to be sewed and glued together. The donor nerve then grows along the recipient nerve 

until it reaches the muscle to reinnervate it (Bulstra & Shin, 2016; Nath et al., 1997; Seddon et 

al., 1943).  

 Nerve and tendon reconstruction can be individualized based on the level of their SCI, 

movement goals, and life circumstances of the patient (Fox et al., 2018). Common goals include 

opening and closing of the hand as well as elbow extension, both of which are targetable by 

either tendon or nerve transfers. Tendon transfers are more common, but they do require 

complete immobilization, even against passive movements, during recover. Recover after a nerve 

transfer surgery is longer, however passive movements are allowed during recovery (Fox et al., 

2018). 

Tendon Transfers 

 Tendon transfers work by transferring the force generated by one muscle to a different 

muscle (s). In the case of a SCI, the donor muscle is still under cortical control (located rostral to 

injury) however the recipient muscle is not (located caudal to injury) (Fox et al., 2018). Tendon 

transfer surgeries are targeted to cases where the function of the recipient muscle is important for 

activities of daily life (typically involving hand function), while the function of the donor muscle 

is not as important (K. D. Anderson et al., 2009). The donor and recipient muscles are also 
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limited to pairs that, when linked, are biomechanically sound (Moberg et al., 1989). Extra 

tendons can be harvested to extend gaps between donor and recipient muscles, but the choice of 

muscles is still limited to nearby muscles to ensure a stable biomechanical system (Moberg et al., 

1989). Tendon transfers are typically used in cases where the patient is willing and able to 

participate in extensive physical therapy (Fox et al., 2018). 

Nerve Transfers 

 Nerve transfer surgeries have been gaining traction as a preferred means of regaining 

limb mobility over tendon transfers and are often used in tandem with tendon transfer surgeries 

(Biondi et al., 2020; Fox et al., 2018). Rather than conveying the force to an uncontrolled 

muscle, as is the case in tendon transfers, nerve transfers transmit the neural control signal 

(Brown, 2011). In other words, the nerve that once controlled the donor muscle is now 

controlling the recipient muscle (Brown, 2011).  

 Like tendon transfers, the donor nerve is under cortical control while the recipient is not, 

and the function of the recipient is more important than the donor (Fox et al., 2018). Once the 

ends of the nerves are secured together, the recipient nerve will start to degrade, leaving a path 

for the donor nerve to regenerate (Brown, 2011). Nerves that only need to regenerate a short 

distance have a better chance for reinnervation and do so more quickly (Cain et al., 2015; Höke, 

2011). When distal nerves lose innervation, they start to degrade, and the Schwann cells 

supporting them eventually degrade as well. However, if regeneration takes place soon enough, 

Schwann cells can guide the regenerating axons to the recipient muscle (Fu & Gordon, 1995a, 

1995b). Interestingly, there are cases with one donor nerve conveying signals to many recipient 

nerves. The patient learned how to separately control each muscle (Davidge et al., 2013).  
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Exoskeletons  

 Exoskeletons are mechanical devices worn, or otherwise attached to an individual and are 

used to increase physical performance (Cenciarini & Dollar, 2011). Upper-limb exoskeletons can 

restore movement either through aiding rehabilitation efforts or through actively assisting/driving 

movement. Most studies focus on exoskeletons used for either of these two purposes with only a 

few focused-on power augmentation or haptics (Tiboni et al., 2022). However, over twice as 

many studies focused on lower-limb exoskeletons compared to upper-limb exoskeletons (Tiboni 

et al., 2022). Besides purpose and anatomical district, exoskeletons are also categorized by what 

powers them, how force is transmitted, the amount and which degrees of freedom are actuated, 

and how they are controlled (Bardi et al., 2022; Gopura et al., 2016; Tiboni et al., 2022).  

 Most exoskeletons fall under the category of being powered by an electric motor, while 

fewer devices are powered by hydraulics or pneumatics (Tiboni et al., 2022). In those powered 

by an electric motor, the force is transmitted from the motor to the joints, either directly or 

indirectly through cables, gears, or direct linkages. Careful consideration of how joints are 

actuated, as mechanical misalignments are unsafe (Esmaeili et al., 2011; Galiana et al., 2012). 

The shoulder, elbow, and wrist joints can all be actuated, with each joint having several possible 

degrees of freedom (DOFs). Exoskeletons are also categorized by the number of DOF, which 

ones are included, and whether they are actively actuated or if the design allows for passive 

movements (Tiboni et al., 2022). For rehabilitative purposes, clinicians typically control the 

exoskeleton’s movements (Lessard et al., 2017).  

 Exoskeletons can provide timely signals to the spinal cord to encourage plasticity by 

allowing arms to move when they would otherwise not be able. There is a plethora of 

rehabilitative exoskeletons (for review (Frisoli, 2018; Gupta et al., 2020)), but for brevity I will 
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briefly describe a few systems. One such exoskeleton, CAREX, is a cable driven arm 

exoskeleton that is mounted on a large frame (Mao & Agrawal, 2012a). CAREX has 3 DOF 

control at the shoulder as well as the ability to control elbow flexion and extension. The cables 

are tensioned to create a force-field that guides the user along a movement path (Mao & 

Agrawal, 2012a, 2012b). ARMin is another exoskeleton, its electric motors drive the movement 

of its aluminum frame and cables for controlling shoulder, elbow, and wrist movements (Mihelj 

et al., 2006; Nef et al., 2006, 2009). This device has 3 DOF shoulder control, and 1 DOF control 

for elbow, wrist, and forearm, which allows for a total of 6 DOF control of the arm. Additionally, 

the adjustable link segment lengths of this exoskeleton can adapt to most rehabilitation patients 

(Gopura et al., 2016; Mihelj et al., 2006; Nef et al., 2006, 2009). The EXO-UL, another 

rehabilitation exoskeleton, (Shen et al., 2019; Shen, Ferguson, et al., 2018; Shen, Ma, et al., 

2018; Shen & Rosen, 2020) has 3 DOF shoulder, 2 DOF elbow, 2 DOF wrist, and 1 DOF hand 

control which are actuated directly by electric motors that sit on a metal frame. This allows the 

EXO-UL to control movements of the arm as well as hand opening and closing (Shen & Rosen, 

2020). All these systems are immobile due to their size.  

 To restore upper extremity movements needed for normal daily activities, exoskeleton 

systems need to be lightweight and compact to allow it to be carried on the user or wheelchair. 

However, there are few exoskeletons developed or in development small enough to be used in 

activities of daily life (Gopura et al., 2016; Tiboni et al., 2022; Vatan et al., 2021). One of those 

developed exoskeletons is the CRUX, which is a cable driven model that reduces weight by 

routing fishing line cables around arm contours in a similar fashion to natural tendons (Lessard et 

al., 2017). The motors mounted on the back provide force to mimic the action of the biceps, 

triceps, deltoids, supinator, and pronator (Lessard et al., 2017). Another developed device is the 
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6-REXOS, which actively actuates 4 DOF in the elbow (1 DOF), wrist (2 DOF) and forearm (1 

DOF) using electric motors and a series of link segments and gears. It also has 2 passive DOF 

that act to increase mechanical stability and is designed to be attached to a wheelchair. A 

practical evaluation of the 6-REXOS is needed to determine if it is a reasonable choice to restore 

arm movement for tetraplegics or those unable to move their upper limbs (J. M. P. Gunasekara et 

al., 2013; Malin Gunasekara et al., 2015). EXOTIC is an upper limb exoskeleton with 5 DOF, 

controlling the shoulder (2 DOF), elbow (1 DOF), wrist (1 DOF), and hand (1 DOF). The under-

actuated shoulder joint eliminates some movement possibilities but does so to reduce the 

physical space it occupies increasing its portability. Like the 6-REXOS exoskeleton, and uses 

electric motors, rigid segments, and gears to convey force (Bengtson et al., 2022; Casanova-

Batlle et al., 2022; Thøgersen et al., 2020).  

Activate spinal circuits by chemical or electrical stimulation 

 An interesting way of restoring movement after SCI is through spinal cord stimulation 

which was originally explored to treat neuropathic pain (Melzack & Wall, 1965; Wall & Sweet, 

1967). One of the patients in this study also suffered from paralysis and, while receiving spinal 

cord stimulation, gained volitional control of their paralyzed extremities (Cook & Weinstein, 

1973). Since then, a series of studies have discovered that epidermal electrical stimulation (EES) 

primarily activates dorsal root axons that enter the spinal cord and engage spinal cord circuitry, 

including motor neurons (Capogrosso et al., 2013; Courtine et al., 2007; Ladenbauer et al., 2010; 

Minassian et al., 2004, 2007; Murg et al., 2000; Rattay et al., 2000). Patterned stimulation at 

different locations along the spinal cord allows for a temporal activation of leg muscles that can 

produce movement elements needed to walk (Angeli et al., 2014, 2018; Gill et al., 2018; 

Harkema et al., 2011; Wagner et al., 2018). In the case of incomplete SCI, subthreshold 
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stimulation paired with residual cortical control can restore voluntary control of walking 

(Balaguer & Capogrosso, 2021; Young, 2015). To restore movement in a complete SCI case, 

suprathreshold stimulation can be triggered via a patient-controlled switch (Formento et al., 

2018; Rowald et al., 2022). 

When compared to controlling lower limb movements, using EES for arm control is more 

difficult. Walking involves stereotyped movements that can be controlled by activating pattern 

generating spinal circuitry, and spinal cord stimulation has access to that circuitry through the 

dorsal roots (Greiner et al., 2021; Nakajima et al., 2015). Repetitive upper arm movement like 

cycling, rowing, or cycled reaching can also improve with EES (Powell et al., 2022; Rowald et 

al., 2022). More complex arm and hand movements are not similarly stereotyped and do not rely 

on repeated cycles of activation (Zehr & Kido, 2001). EES can enhance voluntary arm 

movements in the case of incomplete SCI, increasing reaching ability and grip strength (Barra et 

al., 2022).  

 Electrical reengagement of spinal cord circuitry is not the only means of stimulating the 

spinal cord to produce movement. A second possible means of stimulation is through chemical 

activation of spinal cord circuitry (Chau et al., 1998; Jin et al., 2021). In almost all cases of SCI, 

the descending serotonergic neurons are affected, leading to a serotonin deficit at sites caudal to 

the lesion (Jin et al., 2021). Without serotonergic input, sensory inputs to motor neurons are less 

suppressed, i.e., more active, which causes muscle spasticity (Nardone et al., 2015). While 

serotonin’s effects on movement are most apparent in locomotor outputs like walking and 

running, due to a higher concentration of serotonin receptors in presumed pattern generating 

circuitry of the lumbar region (Colado et al., 1988; Filli et al., 2011; Hadjiconstantinou et al., 

1984), serotonin is also heavily involved in neural plasticity (Dietz & Harkema, 2004; Gerin et 
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al., 2010). Serotonin agonist application, paired with movement training and spinal cord 

stimulation allowed for stepping in a complete SCI mouse model (Courtine et al., 2009). 

Therapeutic approaches 

 Perhaps paradoxically, one of the most effective methods of regaining movement after 

SCI is exercise. With motor incomplete SCI, it is still possible to engage in some movement 

training (Beekhuizen & Field-Fote, 2005; B. Dobkin et al., 2006) and in some cases training with 

paralysis is also possible (Angeli et al., 2018; Lünenburger et al., 2006). Technology used to 

restore movement (electrical stimulation, exoskeletons) is also used in conjunction with 

therapeutic approaches (Carmel et al., 2010; Gad et al., 2017).  

Movement training 

 In rodent models of partial SCI, an increase synaptic plasticity sparked by a concurrent 

increase in levels of proteins needed for synapse formation were observed in both presynaptic 

and postsynaptic neurons in the spinal cord post-treadmill exercise or -wheel running routines 

(Goldshmit et al., 2008; Sánchez-Ventura et al., 2021; Wang et al., 2015; Zhe Ying et al., 2005). 

This increase in synaptic plasticity and input to motor neurons is likely to be partially responsible 

for the increase in motor function as was observed in these studies (Petruska et al., 2007). 

Similar changes in synaptic plasticity and protein levels were also seen in models affecting 

forelimbs as well (Shibata et al., 2021). It should be noted that new synapses were made as an 

adaptation to the loss of previously function synapses (Edgerton et al., 2001; Jo et al., 2021; 

Khalki et al., 2018).  

 Synaptic plasticity is partially driven by neurotrophins. Neurotrophins are released after 

exercise regardless of injury (Côté et al., 2011; Goldhardt et al., 2019; Leech & Hornby, 2017; 

Vega et al., 2008). Neurotrophins promote axon growth, neuron survival, and synapse generation 



30 

 

through Trk receptors and intracellular signaling pathways (Huang & Reichardt, 2001). Brain-

derived neurotrophic factors are released during neuronal activity, like that of sensory neurons 

and motor neurons in the spinal cord during exercise (Côté et al., 2011; Goldhardt et al., 2019; 

Leech & Hornby, 2017; Neeper et al., 1995; Shibata et al., 2021; Tashiro et al., 2015; 

Tillakaratne et al., 2002; Vega et al., 2008; Wang et al., 2015; Xinwang Ying et al., 2021).  

 Movement training often involves repeating the same task consecutively. Support from a 

caretaker or clinician is often needed as the patient may not be able to physically complete 

training due to SCI (Behrman et al., 2017). The task of physically supporting the hand/arm 

during attempted movements can be delegated to a machine (Gupta et al., 2020). In a previous 

section, using exoskeletons to restore movement was discussed, in a rehabilitation setting, they 

can reduce the role of support staff. Upper-body exoskeletons can match the desired alignment 

for kinematic exercises (Brahmi et al., 2019; Sunwook Kim et al., 2018). Powered exoskeletons 

can be used in cases where the patient can exert some force, but not enough to go through 

movement training (Hsieh et al., 2016). Because spasticity is often seen in SCI, Lenzi et al. 

designed an exoskeleton to perform exercises that would reduce spasticity (Lenzi et al., 2009). 

There are other models that help with gravity support (Oguntosin et al., 2017; Wu et al., 2015) 

and grasp configuration (Abdallah et al., 2017; Butler et al., 2017; Hadi et al., 2018; Perry et al., 

2016; Sarac et al., 2016).  

 There are many cases in which a SCI patient is unable to perform exercises under their 

own volition. However, there are other options for movement training. As previously mentioned, 

exoskeletons or robotic arms can support the arm and move it through a series of exercises, even 

without patient input (Gupta et al., 2020). Alternatively, functional electrical stimulation 

(discussed in detail later), can enable arm movement for rehabilitation as well (Luo et al., 
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2020a). Patterned spinal cord stimulation has a similar effect (Seáñez & Capogrosso, 2021). 

These methods activate sensory and/or motor neurons, so the regenerative effects of 

neurotrophins are still present (Bilchak et al., 2021). More benefits are obtained when the subject 

actively participates in these exercises, even if they are unable to move (Jo et al., 2021). If a 

transplantation technique allows axons to grow past the site of injury, the axons would need to 

target appropriate targets, exercise could create an environment to guide these axons 

(Beauparlant et al., 2013; Yu-Qiu Jiang et al., 2016).  

Sustained electrical stimulation 

 In a previous section, epidural electrical stimulation was shown to be effective in 

restoring some movement for patients with SCI (Capogrosso et al., 2013; Courtine et al., 2007; 

Ladenbauer et al., 2010; Minassian et al., 2004, 2007; Murg et al., 2000; Rattay et al., 2000). 

Besides directly restoring movement, it is also useful as a therapeutic approach. Sustained, 

subthreshold spinal cord stimulation allows subjects with incomplete SCI to reach threshold 

voluntarily (Balaguer & Capogrosso, 2021; Young, 2015). This only works if motor neurons that 

are still innervated partially by descending inputs. If this action is repeated multiple times, it 

allows the connection between the cortex and motor neurons to strengthen (Jo et al., 2021). 

Recent studies have shown that patients retain some gains in motor control even after the 

sustained electrical stimulation is turned off (Seáñez & Capogrosso, 2021). Movement training 

paired with electrical stimulation causes the remaining descending axons to sprout and synapse 

more strongly onto motor neurons, so electrical stimulation may no longer be needed (Carhart et 

al., 2004; Herman et al., 2002; Seáñez & Capogrosso, 2021). However, without residual supra-

spinal inputs, there are no axons to sprout collaterals and induce this change.  
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Electrical stimulation of peripheral muscle nerves (FES) 

 Functional electrical stimulation (FES) is different from spinal cord electrical stimulation 

in that it uses electricity delivered through electrodes to stimulate motor axons directly, not via 

dorsal roots, which in turn activates the desired muscles (Ragnarsson, 2008). FES is typically 

delivered through either or a combination of surface and/or intramuscular electrodes as well as 

electrodes placed on the nerve (Luo et al., 2020b). Because of its ability to activate muscle and 

cause movement, FES is used for both rehabilitation and to restore limb function in both the 

arms and legs (Peckham & Knutson, 2005).  

 As FES is particularly useful in rehabilitation as it directly activates both sensory and 

motor neurons as well as indirectly activating sensory neurons because of the evoked movement. 

Such simultaneous activity can help promote synaptic plasticity in the spinal cord (Carel et al., 

1999; Dancause & Nudo, 2011; Bruce H. Dobkin, 2003; Ethier et al., 2015). The same benefits 

seen with increased neuronal activity and neurotrophins are seen with FES making it an enticing 

choice of restoration of movement over most others (Ragnarsson, 2008). In addition, FES can 

strengthen or maintain muscle tone in unused muscles (Coupaud et al., 2008; Gargiulo et al., 

2013; Mangold et al., 2005; Wahls et al., 2010). Further, FES has been shown to reduce 

spasticity (Sabut et al., 2011; Sahin et al., 2011), increase blood flow (Duijnhoven et al., 2009; 

Thijssen et al., 2006), and increase cardiorespiratory health (Deley et al., 2015). These are 

benefits seen when using FES over time for rehabilitation using movement training, however 

FES can also restore movement directly.  

 FES can be used to restore hand opening and closing (Ragnarsson, 2008). One study 

using FES was able to control both degrees of freedom in the wrist in a continuous manner 

(Watanabe et al., 2003). Some FES systems specialize on creating certain common grasps (Alon 
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& McBride, 2003; Knutson et al., 2006; Peckham & Knutson, 2005). For example, a subject with 

tetraplegia was able to feed himself using FES with 13 electrodes controlling the shoulder and 

elbow (Yu et al., 2016). In this study, a forearm orthosis was used to support the limb against 

gravity. FES stimulation of muscles controlling the shoulder and elbow joints allowed able-

bodied subjects to reach out and bring objects back to the mouth using an exoskeleton. (Ferrante 

et al., 2012). Later, a similar system was used in a subject with high-level tetraplegia (Schearer et 

al., 2014).  

Limitation with these approaches for restoring complex movements of the upper 

limb 

 All these approaches to restore upper limb function have limitations, either in their 

implementation or in their benefits. Each approach takes time to implement. During healing (e.g., 

for axons to regenerate or tendons to stabilize), rehabilitation (e.g., movement training or muscle 

growth in FES), or learning (control of exoskeletons, tendon/nerve transfers, or FES control), the 

demand on clinicians and caretakers is increased. All the approaches listed here, except for 

exoskeletons and tendon transfers, rely on motor neuron integrity (Porter & Lemon, 1995). 

However, motor neurons with cell bodies near the site of the SCI often die (Peckham & Kilgore, 

2013). There are other limitations that are not shared by each of these approaches, each of which 

will be discussed separately.  

 Neuro-regeneration and transplantations to restore SCI seems promising, however, the 

injury site is so complex and aversive to regenerating axons, that this approach has had little 

success to date. Even when treatments are combined, axons are limited in their ability to 

regeneration through the SCI (Álvarez et al., 2021; Mark A. Anderson et al., 2018; Ko et al., 

2022; Park et al., 2022; Wertheim et al., 2022). There has been progress and in time this may 
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become a more viable solution. That solution is likely to contain multiple therapies, each of 

which must go through preclinical and clinical testing, further delaying the process of using this 

approach (Santamaria et al., 2022).  

 Tendon and nerve transfers both have the drawback of sacrificing function to gain a 

different function (Fox et al., 2018). There are also limitations in the functions that can be 

restored (Fox et al., 2018; Sinnott et al., 2016; Yeung et al., 2021). If a patient already has quite 

limited arm function, there may be no viable nerves or tendons to transfer. With nerve transfers, 

there is a risk that axons will degenerate before reaching their targets; this risk is increased if the 

regeneration distance is longer (Fox et al., 2018). Controlling the newly innervated muscle might 

be difficult to learn if the previous control was for a muscle with disparate function. Both nerve 

and tendon transfer surgery are invasive, with the latter involving large incisions to free the 

tendons (Fox et al., 2018).  

 The main design problem for exoskeletons in upper limb applications is the difficulty in 

matching the shoulder, wrist, and hand anatomy, which is an even more difficult problem when 

moving from general anatomy to user-specific anatomy (Gull et al., 2020). Taking the shoulder 

as an example, it could be “simply” modeled as a ball and socket joint (Stienen et al., 2009). 

However, this model only factors in the anatomy of the glenohumeral joint and neglects the 

anatomy and interactions of the other shoulder joints (sternoclavicular, acromioclavicular, and 

scapulothoracic) which are needed for full range of motion. Adding these articulations adds bulk 

to the exoskeleton (Gull et al., 2020). It has been difficult to create lightweight, slim 

exoskeletons that match the shoulder articulations and power movements of the arm. The 

exoskeletons covered earlier were either non-mobile, or do not create enough force to move the 

arm without the users’ help. 



35 

 

 Spinal cord stimulation does not create strong muscle recruitment. For example, in 

restoration of walking, patients need to have their body weight supported with an external system 

(Rowald et al., 2022). The utility for upper limb use is even less promising. Each electrode in 

spinal cord stimulation activates a broad range of muscles simultaneously (Barra et al., 2021). 

Creating precise movements by combining broad groupings of muscles is not feasible with this 

approach (Barra et al., 2022). Even in closely spaced or intraspinal electrodes, multiple muscles 

are activated, and algorithms to control movement using these muscle groups haven’t had much 

success (Barra et al., 2022).  

 The main disadvantage of movement training is a large portion of the target population 

cannot move. This can be addressed partially by artificially moving the arm using stimulation, 

robots, or physical therapists, but each of these require additional setup or trainer’s time. 

Movement training is limited to only small gains, but it does much better when paired with any 

of the other approaches to restore movement (Behrman et al., 2017). In fact, without concomitant 

movement training, many of the methods that encourage regeneration would have a more 

difficult time targeting reinnervation (Jo et al., 2021). Without spared axons going through the 

injury, reaching the caudal portion of the spinal cord, movement training cannot restore limb 

function (Porter & Lemon, 1995). 

 FES has a tradeoff problem. Intramuscular electrodes activate muscle by depolarizing 

motor axons in or near the muscle, but because of the widespread distribution of nerve branches 

within the muscle, the whole muscle is often not activated. Increasing the current activates a 

larger portion of the muscle, but beyond a point it also recruits other muscles (Buckmire et al., 

2018). Similarly, nerve cuff electrodes, and to a further extend spinal cord stimulation, can 

activate a larger proportion of the target muscle, but also activate other muscles. In many cases 
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the trade-off is that electrode placement can either target a large proportion of the muscle or 

specifically activate one muscle. Fatigue may arise from only stimulating a portion of the 

muscle. Alternatively, more electrodes can be inserted, but that increases system complexity 

(Buckmire et al., 2018). A separate problem with FES is the difficulty associated with 

determining the stimulation patterns needed to elicit movements. In fact, most of the systems 

currently in use are only capable of generating predetermined stimulation patterns for common 

movements. 

Restoring upper limb function with FES  

 The first two sections of this chapter gave an overview of spinal cord injuries and 

different approaches to restore upper limb movement after SCI. FES is the only method that can 

selectively restore activity to individual muscles. Such selective control is needed to produce a 

wide range of complex movements. Other methods that rely on stimulation, such as spinal cord 

stimulation or peripheral nerve stimulation, group muscles together and this limits the 

movements that can be produced (Barra et al., 2022). FES also does not need to sacrifice strength 

from another muscle to restore movement as seen in nerve and tendon transfers (Fox et al., 

2018). In lieu of a sleek, lightweight, and powerful exoskeleton, FES seems the best choice at 

present f to restore function to upper limbs post-SCI. 

Only restricted range of movements have been implemented 

 Previous work has been successful in using FES to restore some upper limb movements 

(Ajiboye et al., 2017; Schearer et al., 2014; Taylor et al., 2002). At present, however, only a 

limited range of movements have been targeted. This is due to the difficulty of identifying the 

specific stimulation patterns needed for each movement, thus limiting its use to a small number 

of pre-programmed movements.  
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 In a 1989 study, Kilgore et al. used FES to restore lateral and/or palmar grasp (s) in 23 

subjects. In each subject and each electrode, the response to stimulation was systematically 

profiled to enable the application of FES (K.L. Kilgore et al., 1989). Electrodes were inserted 

into the muscles that are critical to elicit the intended movements. Profiling consisted of taking a 

few measures, including the minimum stimulus needed to elicit muscle contraction (threshold), 

the maximum stimulus before recruiting other muscles, the relationship between the stimulus 

intensity and the force (gain), selectivity, direction, and length dependency. Once the electrodes 

were profiled, the previously determined activation patterns could be applied to elicit the 

intended movement using FES (K.L. Kilgore et al., 1989).  

 In a more extensive study by Peckham et al., they used a commercialized (but now 

defunct) system (Peckham et al., 2001). The FREEHAND System (Keith et al., 1989) consisted 

of a stimulator and implanted electrodes that were controlled by shoulder movements; in their 

study, it was used to restore two grasps. The FREEHAND System improved grasping and other 

abilities included in activities of daily life in all the subjects. They also preferred using the FES 

system in several tasks over not using any movement aides. One-year post-implant, 84% of the 

patients were still using the FREEHAND System. However, in both the Kilgore and the 

Peckham studies, the system was limited to simple grasps (K.L. Kilgore et al., 1989; Peckham et 

al., 2001).  

 The makers of the FREEHAND System went on to create a second-generation system 

that could generate more grasps and was able to stimulate elbow and shoulder muscles (Kevin L. 

Kilgore et al., 2008). The additional capabilities of the system were developed based on the 

individual goals of the patient. For example, by adding more electrodes, intrinsic finger muscles 

could be activated to allow for needlework activities, activation of the triceps allowing for better 
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reach, and shoulder stability was improved through stimulation of shoulder muscles. With 

similar results to previous renditions of the FES system, FREEHAND 2.0 gave patients an 

improved quality of life and allowed them more independence for activities of daily living for 

the duration of the implantation. Still, the system was limited to pre-programmed stimulation 

routines (Kevin L. Kilgore et al., 2008).  

 With the help of a robotic arm providing gravitational support, FES can also restore reach 

in upper limbs (Ajiboye et al., 2017). In a study by Ajiboye et al., electrodes were implanted in 

the muscles controlling the shoulder, elbow, wrist, and hand of a SCI patient with damage to the 

C4 spinal cord segment. This was outside of the C5-C7 injuries that were seen in the studies 

discussed previously in this section. Damage to this segment severely limited reaching ability. 

However, with use of the FES system the patient was able to perform functional tasks such as 

self-feeding and reaching. The FES system was controlled by intracortical BMI (iBMI) neural 

decoding of joint velocities (Ajiboye et al., 2017).  

 These initial successes with FES sparked interest and led to great success in designing 

and developing FES systems that provide patients with a broader range of movement and 

stimulation patterns with increased complexity. Simple grasps with FES systems have progressed 

into more complex hand grasping patterning along with the inclusion of wrist, elbow, and even 

full arm movements (Ajiboye et al., 2017; Keith et al., 1989; Kevin L. Kilgore et al., 2008; K.L. 

Kilgore et al., 1989; Peckham et al., 2001). Although the range of movements have increased, 

the number of movements an individual FES system can elicit is still low. Even for full arm 

movement described above (Ajiboye et al., 2017) ,each joint was controlled individually, non-

simultaneously, and the activation patterns of the muscles controlling each joint are 

preprogrammed. The subject simply controlled the position along a pre-programmed recruitment 
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profile, which works in theory, but in practice it runs into problems. Compared to controlling a 

virtual arm, which was done for practice in that study, FES control of a real arm is more difficult 

(Ajiboye et al., 2017); this might have been due to the mass of the arm, the joint interactions, and 

other dynamics that are not considered in virtual models. To enable free movement of the upper 

extremity, stimulation patterns must be identified on a moment-by-moment basis, while 

accounting for all these variables.  

Challenges in identifying FES stimulation patterns  

 The primary issue facing FES control is in identifying stimulation patterns for the nearly 

unlimited range of movements that are possible. Identifying all these stimulation patterns 

manually is impossible. Even for relatively simple movements, the nervous system employs 

temporally and spatially complex patterns of muscle activity (Fuglevand, 2011). The difficulties 

in identifying stimulation patterns for desired movements are primarily a symptom of the non-

linear interactions between muscles (Bernstein, 1984). Many arm muscles cross several joints, 

for example, the extensor digitorum crosses the elbow, wrist, and finger joints. So, “simply” 

activating muscles to actuate a single joint also actuates other joints. Stimulating multiple 

muscles that each cross multiple joints result in nonlinear and difficult to predict interactions 

(Schieber, 1995; Valero-Cuevas, 2000).  

 Under natural motor control, muscles that are not obviously involved in a desired 

movement are crucial in counteracting interactions, stabilizing movements, and ensuring smooth 

progression of the desired movement (Bernstein, 1984). With the neural circuitry underlying 

natural motor control destroyed in SCI, muscle activation patterns must be designed and 

delivered using an alternative method. The design of this alternative method must take these 

interactions into account less the desired movement will not be achieved (Ajiboye et al., 2017).  
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 Attempts have been made to take the non-linear interactions between muscles into 

account by estimating the muscle activation patterns needed for movements using 

musculoskeletal modeling (Blana et al., 2008; Nikooyan et al., 2011; Quental et al., 2012). 

Musculoskeletal models of the upper limb describe the mechanical properties of the limb along 

with the effects muscle activation has on the state of the system. A movement simulated using 

these models could be optimized for speed, minimum energy, or other parameters while 

remaining under physiological limits (Blana et al., 2008, 2013; Chadwick et al., 2008; Péan & 

Goksel, 2020). For example, models can be used to optimize which muscles to implant with 

electrodes needed to maximize the number of achievable target movements (Blana et al., 2013). 

However, even in cases where the stimulation patterns were based on the activation of muscles in 

these models, the stimulation parameters needed to be manually tuned to achieve a specific 

desired movement (Memberg et al., 2014). 

 In early FES applications, experimenters had to manually identify all stimulation patterns 

for any given movement (Keith et al., 1989). Identification can be expedited by using 

musculoskeletal models followed by manual tuning (Blana et al., 2008). Another method to 

identify stimulation patterns is to allow the patient to control the stimulation, performing their 

own trial and error. They learn which combinations of stimulation patterns are needed for a 

particular movement rather than the experimenter dictating the stimulation pattern. However, 

because there are many implanted muscles, controlling each of them individually would prove 

too cumbersome for a patient to learn. To circumvent this problem, muscles could be grouped 

into a small number of synergies that are more reasonable to simultaneously control (Cole & 

Ajiboye, 2019). Just three synergies account for approximately 70% of the muscle activity seen 

with a wide range of grasps. However, these synergies may prove unintuitive to control and, with 
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the combinations of just three synergies, some grasps may be impossible. Because this has not 

been attempted yet with FES, additional studies are needed to see if controlling FES with 

synergies is plausible.  

 An alternative approach of identifying stimulation patterns is to mimic naturally 

occurring muscle activation patterns (Hoshimiya et al., 1989). Even though some suggested that 

EMG signals measured during a movement could not be used to approximate the stimulus 

patterns required to produce desired movements (K.L. Kilgore et al., 1989), an attempt to do just 

that was successful (Johnson & Fuglevand, 2011). A function that takes in stimulation response 

profiles and EMG and outputs stimulation patterns was created to facilitate the use of recorded 

EMG as a template for stimulation profiles (Johnson & Fuglevand, 2011). This was done with a 

single joint but is still an important step in identifying the pattern of stimulation across many 

muscles (Johnson & Fuglevand, 2011). Previous methods manually identified stimulation 

templates for each movement, but this method can be used to automatically create a stimulation 

template for any movement by using recorded EMG. This method is expanded upon in later 

chapters where predicted EMG, instead of recorded EMG, is used to identify stimulation patterns 

across many muscles.  

Statistical approach to identify stimulation patterns 

 In most FES applications, only a small range of movements are available and the 

stimulation patterns for those movements are identified manually (Ajiboye et al., 2017; Keith et 

al., 1989; K. L. Kilgore & Peckham, 1993; Kevin L. Kilgore et al., 2008; Kevin L Kilgore et al., 

2018; K.L. Kilgore et al., 1989; Peckham et al., 2001). A wider range of movements are 

available in some applications, though in those cases the user is required to correct unintended 

movements due to unaccounted for muscle interactions (Ajiboye et al., 2017). To allow for a 
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wide range of reliable movements, the stimulation pattern for that movement must be identified 

before the movement takes place. For real-time control of complex movement, that stimulation 

pattern needs to be identified right before or as the movement is taking place.  

 One way to automatically estimate stimulation patterns is through a statistical approach. 

Bayes’ theorem estimates the probability of an event given prior knowledge. It was applied to 

estimate patterns of stimulation based on previously recorded EMG and movement data to 

successfully control the finger movement (Seifert & Fuglevand, 2002). EMG from three muscles 

controlling the third digit, along with the associated joint angles from the metacarpophalangeal, 

proximal interphalangeal, and distal interphalangeal joints, were recorded during unrestrained 

movements. Bayes’ theorem was applied to estimate EMG activity during test movements, using 

relationships derived from the unrestrained training data. Estimated EMG was used as a template 

for stimulation patterns. There were small errors between estimated and actual EMG, and the 

errors between evoked and intended movements were small as well. Though this method can be 

used to flexibly control movements, its application was limited to a small range of single digit 

movements (Seifert & Fuglevand, 2002). 

  A similar probabilistic approach expanded upon this work to estimate the EMG activity 

from 12 arm muscles (used for controlling the scapula, shoulder, elbow, and wrist) based on 

kinematics recorded during a training session (Chad V. Anderson & Fuglevand, 2008). Data 

recorded during random movements constrained to the sagittal plane were used to inform the 

probabilistic model about the relationship between EMG and movements. EMG was then 

predicted for a set of test movements. Overall, the root mean squared error was 8.2% for EMG 

estimations (Chad V. Anderson & Fuglevand, 2008), vs. 12.1% for the previous study (Seifert & 

Fuglevand, 2002). However, the movements were limited to one plane and the variance 
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accounted for in the EMG predictions was on average ~50%. Additionally, these estimations 

were not used to create and deliver FES stimulation patterns. 

 A study that followed shortly after compared several probabilistic methods, including 

Bayes’ theorem, polynomial curve fitting, and artificial neural networks (ANNs), in their ability 

to estimate EMG in unrestricted arm movements (Johnson & Fuglevand, 2009). All methods 

were fitted using EMG and movement data taken during complex random movements. A portion 

of the data was reserved to evaluate the performance of the models. Out of the three methods, 

predictions based on the ANN model had the lowest RMS error and highest R2 scores. Machine 

learning through ANNs were able to identify EMG patterns, which can be used as stimulation 

templates for flexibly controlling a wide range of movements (Johnson & Fuglevand, 2009; 

Tibold & Fuglevand, 2015).  

 The work presented in a later chapter, “Restoration of complex movement in the 

paralyzed upper limb”, uses that ANN method to estimate EMG (Hasse et al., 2022). Moreover, 

it uses estimated EMG signals as templates for stimulation patterns. While real-time control was 

not attempted, the calculation efficiency of the ANN allows for real time predictions of a desired 

movement as it is being made (Hasse et al., 2022).  

Deciphering movement intention 

 To restore upper limb function with FES, the user needs a way to indicate how they 

would like their arm to move. This intention must then be conveyed to the FES system to 

generate and transmit the stimulation pattern to the muscles to generate the desired movement. A 

brain machine interface (BMI) can use neural signals to infer how the user intends to move. 

However, there are some limitations and downsides with BMIs. An alternative approach is to use 

body machine interfaces (Casadio et al., 2012), which instead uses user-controlled signals 
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originating from the body to control FES. Information about both approaches is covered in this 

section, and my work in the development and evaluation of several body machine interfaces is 

covered in Chapter 4.  

Intention extraction: BMI 

 One way to extract the intended movement from someone with tetraplegia is by using a 

BMI. A BMI records neural activity generated while a movement is attempted. Those signals, in 

theory, could be converted into stimulation patterns used in FES. Extracted neural data may map 

to the intended position of the hand, joint velocity, muscle activity, combinations of different 

kinematic/kinetic variables, or may be unrelated to the desired movement (Paninski et al., 2004; 

Sorrell et al., 2021). The content and quality of the recorded neural data affects how well a BMI 

can estimate the intended movement (Bullard et al., 2019). The recorded neural data and 

conversion algorithms also dictate which movements can be estimated (Harpaz et al., 2018). 

BMI systems in use today are limited in their ability to decode neural activity accurately and 

swiftly (Harpaz et al., 2018).  

Description of BMI 

 In the simplest form, a BMI is composed of the brain, a machine, and a translation 

device used to convert the data from the brain to corresponding data for the machine or vice-

versa. For example, Ajiboye et al. (2017) recorded neural activity with two 96-channel 

microelectrode arrays implanted into the motor cortex (brain). The electrical stimulator 

(machine) generated a preprogrammed set of FES patterns to generate arm and hand movements. 

To convert the neural activity to commands for the FES system, the decoder (translation device) 

took in neural features, threshold crossing and band power, and mapped them to one of a few 
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desired movements at an intended joint velocity. The three components of BMIs for this example 

generally come in many forms and additional components can also be added.  

 A variety of methods have been used in BMIs to extract neural signals. Multielectrode 

arrays, electrocorticography (ECoG), and electroencephalography (EEG) all extract neural data, 

though the usefulness of neural data extracted from each differs. Microelectrode arrays can 

detect the activity of individual neurons, multiunit activity, and local field potentials (Milekovic 

et al., 2018; Nason et al., 2020; Perel et al., 2015; Sorrell et al., 2021). ECoG arrays sit on the 

surface of the brain and record activity that is less specific then intracortical arrays, but more 

specific than EEG arrays which are placed on the scalp (McFarland et al., 2010; Morishita et al., 

2014). While single units cannot be identified in ECoG or EEG data, band power at specific 

frequencies are obtained to inform the decoder (McFarland et al., 2010).  

 The decoder takes in neural data and translates it into a set of commands for the machine 

in use (Kumar & Michmizos, 2022). Decoders extract certain features from the neural data, such 

as power bands, firing rates, and threshold crossings. Various forms of feature extraction, 

filtering, and dimensionality reduction are also commonly performed (Kumar & Michmizos, 

2022; Nguyen et al., 2021; Shokur et al., 2021; Willett et al., 2021). There are different methods 

of generating data to train the decoder to convert these neural features to machine commands. 

Some involve imagining the movement you would like to make (Alazrai et al., 2019), others 

involve attempting those movements (Brandman et al., 2018), still others are a multistep process 

involving training and retraining (Gilja et al., 2012). Kalman filers (Gilja et al., 2012), recurrent 

neural networks (Nguyen et al., 2021), Bayesian (Brandman et al., 2018), and other algorithms 

(Hochberg et al., 2006) are used in converting neural features to commands machines 

understand.  
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 While the focal use for BMI as discussed here is on FES control, BMIs are used in a 

variety of contexts. For example, in a recent study a BMI was used to control a keyboard by 

decoding attempted handwriting (Brandman et al., 2018). In both animals and humans, control of 

a computer cursor has been repeatedly demonstrated (Gilja et al., 2012; Jarosiewicz et al., 2015; 

Sung-Phil Kim et al., 2008; Lalazar et al., 2019). Use of BMI for controlling robotic arms has 

demonstrated control of upwards of 10 DOF (Wodlinger et al., 2015). Robotic arms are useful in 

that they are anthropomorphic yet much easier to control than a human arm (Hochberg et al., 

2012; Velliste et al., 2008). Signals used for FES control and robotic arm control are similar 

(move forward, rotate wrist, etc.), but the mechanical system for robotic arms is manufactured 

and its mechanisms for control are defined by its engineers. Meanwhile, controlling a human arm 

through FES is a more difficult problem. The use of robotic arms is a convenient steppingstone 

toward controlling FES for arm movements.  

 In addition to the three main components of BMIs, feedback is another component of the 

BMI that may not always be mentioned. In its most simple form, it may consist of visual or 

auditory feedback (Mussa-Ivaldi et al., 2010; Suminski et al., 2010). Much more complex 

systems involve sensors, encoding, and the stimulation of neural tissue (Shokur et al., 2021). 

Visual feedback can be enhanced by showing the subject a screen with a different viewing angle 

or with information displayed about the control state (Cunningham et al., 2011). Other ways to 

enhance visual feedback is through augmented reality (Zeng et al., 2017). Vibrotactile and 

electrotactile feedback can inform the patient of grip force or width, or other information 

(Arakeri et al., 2018; Chatterjee et al., 2007). Auditory feedback is especially useful for marking 

timing in tasks (Fetz, 1969; Guenther et al., 2009). Intracortical stimulation, typically in sensory 

cortices, can sometimes deliver feedback that ‘feels” natural (Flesher et al., 2016; Pandarinath & 
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Bensmaia, 2021; Tabot et al., 2013). All these feedback methods have their own benefits and 

drawbacks.  

Capabilities of BMIs 

 The capabilities of BMIs can be framed by a couple of questions: What task (s) is the 

BMI designed to allow the patient to perform? What level of proficiency can be obtained using 

the BMI, especially in comparison to unaided attempts and attempts by uninjured subjects? This 

section focuses on capabilities of BMIs when decoding or controlling the movement of upper 

extremities or upper extremity substitutes (example – robotic arms). There are some common 

measures across tasks, such as movement time, accuracy, difficulty, path efficiency, and 

throughput. There are also common tasks such as the action research arm task (ARAT), box and 

blocks task, and orientation/location matching tasks.  

 A recent paper implanted microelectrode arrays in the premotor cortex in a subject with 

SCI and decoded handwriting using neural activity collected while they attempted writing 

(Willett et al., 2021). The neural data was decoded with an ANN and used to enable typing. With 

the help of a language processing unit, the subject was able to achieve a typing speed of 90 

characters per minute and 99% accuracy. Those rates fall among those of able-bodied people 

(Horne et al., 2011).  

 In a neutrally controlled robotic arm, subjects were able to achieve reaching and grasping 

with a BMI. Hand velocity and hand state were decoded via a Kalman filter and a linear 

discriminant classifier, respectively, from neural signals in the motor cortex of subjects with 

tetraplegia (Hochberg et al., 2012). After an iterative training process, patients were able to 

control a robotic arm to reach and grab foam balls. The patients reached the ball on 96% of trials 



48 

 

and grasped it on 62% of trails. While they were slower in comparison to able-bodied subjects, 

patients performed better than they could achieve without BMI. 

 Like the previous study, intracortical microelectrode arrays were implanted into the 

motor cortex of a patient with tetraplegia to control a robotic arm. This time, the robotic arm had 

7 DOF control (Collinger et al., 2013), as opposed to 4 DOF control in the previous study 

(Hochberg et al., 2012), allowing the patient to orient the hand. Training involved three stages, 

with complexity increasing in each stage. The decoder assumed the firing rate of each unit 

partially contributed to the control of position and velocity of each DOF. This assumption 

allowed them to fit a model using indirect optimal linear estimation with ridge regression 

(Collinger et al., 2013). A subset of the tasks on the ARAT were attempted, where the subject 

had to orient the gripper, grab onto objects, and move them. The subject could quickly do most 

tasks but was still slower than an able-bodied subject (Collinger et al., 2013).  

 When BMIs are used to control FES rather than a machine, the capabilities are reduced. 

As mentioned previously, controlling FES is generally a harder problem than controlling robotic 

arms. One aspect that makes it difficult is the stimulation artifact from FES contaminate the 

neural recordings, making it more difficult to identify neural activity. Still, it is possible to use a 

BMI to control FES in real time for grasping and orientation of the hand (Bouton et al., 2016). In 

that study, 3 DOF control was achieved with six simultaneously running decoders. Stimulation 

was controlled by whichever decoder had the highest output (non-simultaneous control). There 

were improvements in grasp when the stimulation was on. The study is an important step in 

concurrent use of FES and BMIs (Bouton et al., 2016). 

 FES is difficult to control, especially with multiple active DOFs. In the study Ajiboye et 

al. (2017), a patient had two microelectrode arrays implanted in the motor cortex to decode 
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movement intention. The patient first practiced control of a virtual arm before moving onto FES 

control of the shoulder, elbow, wrist, and hand. The decoder used in that study was a linear 

transformation function, like the Kalman filter (Ajiboye et al., 2017). Like previous studies, an 

iterative process was used to train the decoder where the patient first observed/attempted the 

movement, and the decoder was retrained based on their control in later blocks (Gilja et al., 

2012). In a task where target positions needed to be matched, the patient performed quickly and 

accurately. In this task and in functional self-feeding tasks, the patient performed better with 

FES+BMI than without (Ajiboye et al., 2017).  

 More recent BMI advancements have focused on improving other aspects of 

functionality. Three recent advancements are in large scale recordings (Paulk et al., 2022), long-

term recording performance (Hughes et al., 2021), and providing feedback (Pandarinath & 

Bensmaia, 2021). Neuropixels probes allow for large scale recordings and better spike 

discrimination. Because of the high density, Neuropixels can track neurons even if the probe is 

moving slightly in the brain, which might enable more stable decoders (Paulk et al., 2022). 

Signal quality decreases over time and BMI use becomes less feasible. After 1500 days, 

however, the number of high-quality signals was reduced by only half (Hughes et al., 2021). 

BMIs can both record and stimulate neurons, stimulation in sensory areas can provide feedback 

that is especially useful to discern contact timing (Pandarinath & Bensmaia, 2021).  

 We can see that BMIs are capable of long-term quality recordings (Hughes et al., 2021), 

and they enable simultaneous control of upwards of 7 degrees of freedom (Collinger et al., 

2013). The decoder algorithms used in BMIs can distinguish minute hand movements 

(Brandman et al., 2018), different hand configurations (Rastogi et al., 2020), and 3D translation 
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of the hand (Gloumakov et al., 2022). While some of the capabilities of BMIs approach the 

capabilities of able-bodied subjects, most do not.  

Limitations of BMIs 

 Regardless of the electrode technology, all BMIs are limited in their use due to certain 

drawbacks. They are inherently unstable over time due to glial scarring, neuroplasticity, and 

context dependent activity (Rule et al., 2019; Sorrell et al., 2021; Vargas-Irwin et al., 2018). 

There are also several tradeoffs that must be confronted when selecting a neural interface: either 

an invasive interface is selected that is able to collect high quality signals, or a non-invasive 

interface is used that has lower bandwidth signals (Sorrell et al., 2021). In the following, 

limitations for both invasive and non-invasive BMIs are briefly discussed. 

Invasive 

 Micro electrode arrays that lie on the brain surface, depth probes, Neuropixels, and ECoG 

electrodes all require surgical implantation into the brain (or onto the brain surface). This 

requires opening the cranial cavity, risking brain infection. Although infection rates in BMI 

studies are low, infection rates for craniotomy ranges form 2.2-19.8% (Abode-Iyamah et al., 

2018; Chiang et al., 2014; Davies et al., 2016; Fang et al., 2017; Hamdeh et al., 2013; Schipmann 

et al., 2016). To reduce the risk of infection, wound care is vital. Due to the motor impairment of 

tetraplegics, however, wound care is difficult. BMIs are mostly used in lab settings, but some are 

now used at home (Dekleva et al., 2021). With this shift, infections may rise due to laxed wound 

care. Some invasive BMIs are wireless, which enables the wound to heal over, though data 

transfer and power is more difficult with wireless connections (Costello et al., 2022).  

 A previous study has recorded high signal to noise ratio neural activity up to 1500 days 

after electrode implantation (Hughes et al., 2021). That does not mean individual neurons were 



51 

 

recorded on the same electrode over that time course. New neurons are detected on some 

channels, while previously recorded ones drop out, and overall signal quality changes (Hughes et 

al., 2021). New units have uncharacterized contributions to movement intention. Because of this, 

and because neurons change their firing behavior over time (neuroplasticity), and under different 

contexts, decoders are typically re-calibrated every session. Neuroplasticity can be helpful when 

deploying BMIs, as neural activity can change to better fit the decoder’s mapping, though there 

are limitations on how much neural activity can adapt (Golub et al., 2018). 

 Neuropixels are promising because of the large number of units they can record and 

because the high density allows them to track units more reliably. However, their chronic use in 

humans is untested. New medical devices go through a long process before they can be used in 

other than restricted settings. For every new piece of invasive neural recording technology, a 

long and costly process takes place before approval – this slows down the progress of all 

invasive BMI technology. 

Non-invasive – EEG 

 Non-invasive BMIs, namely EEGs, record neural activity through the skull (Lobo-Prat et 

al., 2014). The electrodes used to record EEG activity are placed on the head, either with or 

without a conductive medium. Single electrodes record the general cortical activity below the 

electrode, mostly near the brain surface. The signal on an EEG electrode represents the average 

activity of many neurons filtered by the intervening tissues (Lobo-Prat et al., 2014). Because of 

this, EEG signals have a limited spatial resolution, limited bandwidth, and are susceptible to 

noise (Huo & Ghovanloo, 2010). Poor special resolution is the main detriment to EEGs (Sorrell 

et al., 2021).  
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 Most EEG-driven BMIs work through discrete instead of continuous control (Jeong-Hun 

Kim et al., 2015; Mondini et al., 2020; Tonin & Millán, 2020). EEG decoders often rely on 

spectral analysis, temporal binning, and low frequency filtering, which adds delays – making real 

time control difficult (Mondini et al., 2020). Other decoders rely on distinguishing steady-state 

evoked potentials, the neural response to stimuli played at a particular frequency (Lalor et al., 

2005; Middendorf et al., 2000). The neural response to the stimulus is easily decoded, but 

because there is only a limited number of stimuli presented, this only works for discrete control 

(Cheng et al., 2002; Minglun Li et al., 2021; Middendorf et al., 2000).  

 EEG decoders that use on motor imagery to control BMI systems could be continuously 

decoded (Edelman et al., 2019; Mondini et al., 2020), though often data is binned to discrete 

commands to improve stability (Mondini et al., 2020; Tonin & Millán, 2020). The issue of 

stability arises again when dealing with large streams of data. With the high dimensionality of 

the data, the model might suffer from over fitting (Galán et al., 2007; Martinez-Leon et al., 2015; 

Millán et al., 2002). High dimensional data is common in BMIs, noninvasive or otherwise, but 

because of the low signal to noise ratios in EEG data, overfitting is much more likely (Tonin & 

Millán, 2020). Additionally, slight changes in electrode position or changes in neural activity 

over time also make EEG driven BMIs less stable.  

Intention extraction: other methods  

 Tetraplegic patients are limited in the ways that they can interact with the world. Use of 

their upper extremities would open many more possibilities. In the previous section intent 

extraction using BMIs was discussed. While it is enticing to extract movement intent directly 

from the source (the brain), BMIs have limitations and drawbacks. There are viable alternatives 

available to high level tetraplegics that should be further explored. This section reviews methods 



53 

 

used to extract intention, generally to control a robotic arm (Gantenbein et al., 2022), and in a 

later chapter, “Non-invasive control of robotic arm”, some of these methods further developed 

and tested. 

Head movements 

 Head movements to control a computer for those who are unable to use their hands has 

been in use since at least 1993 (Lau & O’Leary, 1993; Prentke_Romich_Company, 1994). 

Various commercial and non-commercial products are available that have allowed the head to be 

used as a mouse. The Headmaster Plus uses ultrasound to track head movement 

(Prentke_Romich_Company, 1994), Quha Zona uses gyroscopes (Quha_oy, 2021), the 

HeadMouse Nano uses infrared optics (Origin_Instruments, 2021), and the Camera Mouse uses a 

standard webcam (Gips, 2017). Of course, two-dimensional control of a cursor on a computer 

screen is not equivalent to control of an arm. In 2014 Rudigkeit et al. published research where 

they used an attitude heading reference system to track the motion of the head and control a 

robotic arm (Rudigkeit et al., 2014). Since then, their head control system has continued to 

develop (Jackowski et al., 2016, 2018; Mutlu et al., 2017; Rudigkeit et al., 2014, 2015; Rudigkeit 

& Gebhard, 2019, 2020; Stalljann et al., 2020; Wohle et al., 2018; Wöhle & Gebhard, 2021). 

 Their initial design used head orientation to sequentially control a 7 DOF robotic arm. 

For full 7 DOF control, the subject switched between different control modules, each of which 

consisted of 3 DOFs (Rudigkeit et al., 2014). The next improvement tested and implemented 

head gesture-based switching between control modules. The gesture recognition algorithm 

improved switching (Jackowski et al., 2016). In an evaluation with able-bodied subjects (Mutlu 

et al., 2017) and tetraplegics (Jackowski et al., 2018), all subjects could complete the complex 

block-placing task. However, completion was slow and changes were suggested to allow for 
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individualized controls (Jackowski et al., 2018). In further refinement of the control system, 

additional sensors were added to aid in tracking head orientation. The most recent system 

incorporates gaze, blink-based switching, and additional cameras and sensors to better estimate 

head pose, and additional control methods (Wöhle & Gebhard, 2021).  

 Few other groups are working on head movement-based control of robotic arms. In a case 

study, a child with tetraplegia controlled a 7 DOF robotic arm with head movements (Aspelund 

et al., 2020). To switch between control modes, toggle buttons were pressed with residual 

shoulder movement. Head movement mapping was similarly to those of the previous group 

(Jackowski et al., 2018). Several tasks were attempted, including a drinking task and a block 

stacking task. The subject performed slightly worse than an able-bodied subject controlling the 

robotic arm with a joystick (Aspelund et al., 2020).  

 Another group used head movements as a command source for a 3 DOF robotic arm, 

where spatial location was controlled. The orientation of the head was mapped to the velocity of 

the endpoint of a robotic arm, in a similar way the other two groups used. Much like the other 

two groups, the middle or home position was a “dead zone” where movements would not cause 

signals to be sent to the robotic arm, unless they crossed a threshold. A novel task was used in 

this study, the subjects had to reach targets in space as quickly as possible. The distance to the 

targets and the size of the targets varied, allowing for a more accurate calculation of throughput 

(Williams & Kirsch, 2015).  

Eye gaze 

 Most of the progress in gaze-based control of robotic arms has come from the Brain and 

Behaviour Lab at the Imperial College London. Before applying eye-tracking technology to 

control robotic arms, the group developed a low-cost eye tracking system and framework to 
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estimate 3D gaze (Abbott & Faisal, 2012). This system was built upon in a series of studies to 

enable useful control of a robotic arm (Dziemian et al., 2016; Maimon-Mor et al., 2017; Shafti et 

al., 2019; Shafti & Faisal, 2021; Tostado et al., 2016). More recently, other groups have 

contributed to gaze-controlled robotic arms (Songpo Li et al., 2017; Wöhle & Gebhard, 2021). 

 In the first attempt in controlling a robotic arm via gaze from Faisal’s group, subjects 

were able to control a robotic arm to write on a board. A camera tracked the position of the 

pupils and built-in software determined the gaze point on the 2D screen. While they controlled a 

robotic arm, this was not truly “3D” control (Dziemian et al., 2016). In their next study, the 

cameras were attached to the subject’s head and the head was fixed. This allowed for the 

additional accuracy needed to decode true 3D gaze. During calibration, pupil data was collected 

while the fixation point moved across a large portion of the workspace. These data were used in 

Gaussian Processes Regression to estimate fixation points based on new pupil data, resulting in 

an average error of 1.6 cm (Tostado et al., 2016). With the addition of head tracking, they moved 

away from head fixation, which also allowed for a larger workspace. Both changes likely 

contributed to the increase in average error to 12 cm (Maimon-Mor et al., 2017). Another group 

attempted control of a robotic arm using gaze (Songpo Li et al., 2017). They used a new method 

to determine the 3D gaze location, decoupling estimation of gaze vector and gaze distance. They 

used the gaze vector to determine which direction the eyes were looking, and the interpupillary 

distance was used to estimate gaze distance. As head fixation was used in this study, it is 

uncertain whether the lower average error of 8.9cm is due to the new method or head fixation.  

 Around this time, the field shifted away from estimating 3D gaze location using strictly 

pupil data. Inexpensive depth cameras using infrared lasers enabled 3D mapping of the 

workspace (Keselman et al., 2017). 3D gaze was estimated by projecting the more accurate 2D 



56 

 

estimate gaze onto a 3D depth map. Faisal’s group implemented this method in their system, 

reducing the average error to 4.7cm, while still allowing for free movement of the head (Shafti et 

al., 2019). In their latest study using this system, further refinements were made to video-based 

object recognition, allowing for more context-aware reaching movements from the robotic arm 

(Shafti & Faisal, 2021). As mentioned previously, Wöhle & Gebhard implemented gaze, using a 

similar method as Shafti & Faisal (Shafti & Faisal, 2021) in their head control system. The 

robotic arm’s position was capable of being controlled with gaze with an average error of 2.7 cm. 

The lower error here could be due to their more extensive head pose tracking system (Wöhle & 

Gebhard, 2021).  

Tongue control 

 There are two main approaches to extract tongue motion for control signals. The first 

method relies on placing a magnet placed on the tip of the tongue and using magnetic sensors, 

placed outside the mouth, to find its position (Chu et al., 2018; Housley et al., 2017; Huo et al., 

2008; Jeonghee Kim et al., 2013, 2016; Sahadat et al., 2019; Zhenxuan Zhang et al., 2021). The 

second method also relies on a magnet on the tip of the tongue, but a control board with 

inductive switches is placed on the roof of the mouth, allowing the user to select a command 

from many options (Bengtson et al., 2022; Hildebrand et al., 2019; Mohammadi et al., 2019, 

2020, 2021; Pálsdóttir et al., 2019, 2022; Struijk, 2006; Struijk et al., 2016, 2017). Both methods 

were developed on platforms unrelated to upper extremity analogs, but as often happens with 

assistive technologies, they found use across domains.  

 The “Tongue Drive” system uses magneto-inductive sensors placed outside the mouth, 

and near the cheeks, to track the position of a magnet secured to the tongue. It was first used to 

control a computer cursor. The tongue was placed in one of the 7 regions in the mouth to give 
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one of 7 discrete commands (Huo et al., 2008). Later, 1 DOF proportional control was 

implemented. This was used for 1 DOF wrist control in a rehabilitative setting (Jeonghee Kim et 

al., 2013). Stroke patients went through a 3-week long rehabilitation program using this method 

in a later study (Housley et al., 2017). By using computer vision along with an augmented reality 

display, the Tongue Drive system was able to control a robotic arm to grasp objects. Computer 

vision was used to recognize objects, their interactions, and their locations in space. A menu was 

populated showing interactions available to the user. The Tongue Drive system was then used to 

select an interaction from that list (Chu et al., 2018). Several control modes, using discrete or 

continuous control, were tested in controlling a 2 DOF shoulder and elbow rehabilitation 

exoskeleton (Zhenxuan Zhang et al., 2021). This system is limited to 3 DOF sequential control or 

1 DOF proportional control.  

 The other tongue system uses an intraoral inductive interface and has 18 discrete 

switches, some of which can function to allow for 2 DOF proportional control (Struijk et al., 

2016). To control a 7 DOF robot, 14 of the switches were used. Sequential control of position, 

orientation, and grip allowed subjects to pick up and move a roll of tape. In these preliminary 

tests, issuing a command took ~9 s and 6 - 18 commands were needed to complete the task, 

which led to slow performance (Struijk et al., 2017). A camera was added to the robotic arm to 

test alternative control strategies, and semi-autonomous control using computer vision was also 

added. Using tongue control was ~4x slower than joystick control in the pick-and-place task 

(Hildebrand et al., 2019). 

 Next, 2 DOF proportional (continuous) control was implemented, where tongue 

displacement was mapped to robotic arm velocity. Since the robotic arm had 7 DOF, mode 

switching was necessary, however, movement time was substantially faster in continuous control 
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mode (Mohammadi et al., 2020). The most recent studies also implemented computer vision 

aided autonomous control. Robotic arm control (Mortensen et al., 2021) and exoskeleton control 

(Bengtson et al., 2022) both benefited from the autonomous functions, enabling faster 

completion times (Bengtson et al., 2022; Mortensen et al., 2021). Continuing advancements of 

this tongue control method shows promise of further restoring upper-extremity function. 

Voice 

 Voice assistants are commonplace today, controlling smart phones, home entertainment 

systems, and other smart devices. With the ubiquity in everyday life and the technological 

advancements coming from that attention, it would seem reasonable to use voice commands to 

control robotic devices. While tongue and head control of robotic arms have been dominated by 

one or two groups, the study of robotic arm control using voice commands is much more 

heterogeneous, but also less pursued.  

 One attempt to control a robotic arm in 3D space used voice commands and adjectives 

(Jayasekara et al., 2008). Each command moved the arm along the 3 dimensions and adjectives 

could modify that distance (such as “go right very far”). This method of command proved to be 

ineffective. A later study utilized camera-based object detection that allowed users to issue 

object-oriented commands (Hairong Jiang et al., 2016). A user interface showed available 

commands and the subject was able to select one by voice. Once selected, the robotic arm would 

carry out the command automatically (Hairong Jiang et al., 2016). The system was quick but the 

object recognition it relied on limited its use to the constructed lab environment. In a more recent 

study, manual control of a 7 DOF robotic arm was achieved using voice control and a single 

button. Users would issue a vocal command corresponding to a direction or orientation. Then the 
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user would press and hold the button to engage the robotic arm in the issued command, letting go 

of the button would stop the robotic arm (Poirier et al., 2019).  

Necessity of comparisons  

 Many control strategies have been developed using body-machine interfaces. However, 

there is a lack of comparisons across different control strategies. For example, there are no 

studies comparing tongue control to head control. Even within tongue control, there are no 

studies comparing position control and velocity control, where the displacement of the tongue 

maps to either position or velocity of the robotic arm. 

 Without direct comparisons between non-invasive, non-BMI methods in controlling 

upper extremity FES or robotic arms, the benefits and disadvantages are not apparent. While 

there are a wide range of control modalities, modes, and options, without evaluating them on the 

same tasks, comparisons are difficult. A critical comparison between control methods across 

many tasks provides information to users, allowing them to make decisions that best fit their 

life’s circumstances. A secondary goal of this thesis, therefore, was to explore hands-free 

methods that could feasibly control FES. In Chapter 4, several head control methods are 

evaluated, along with a voice control method. 
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Chapter 2: Large-scale intramuscular 
electrode system for chronic 

electromyography and functional electrical 
stimulation 

 

Holly, Nicole L., Hasse, Brady A., Gothard, Katalin M., & Fuglevand, Andrew J. (2022). Large-

Scale Intramuscular Electrode System for Chronic Electromyography and Functional 

Electrical Stimulation. Journal of Neurophysiology. 

https://doi.org/10.1152/jn.00325.2022 

 

The work contained within this chapter has been published in the Journal of Neurophysiology. It 

is now copyrighted material; the paper has been included in this dissertation as Appendix A. A 

summary of the work and a contribution summary has been included within this chapter.  



61 

 

Study summary 

 To enable long lasting recording and stimulation in many muscles, we developed a 

technique wherein wires for intramuscular electrodes were tunneled under the skin, from an 

access port to each muscle. Evaluations confirmed these electrodes remained stable several 

months after surgery.  

 In a non-human primate, intramuscular electrodes each were inserted into 29 muscles 

controlling the upper limb. Implanting 2 electrodes into each muscle allowed for differential 

EMG recordings. Over the course of several months EMG from these electrodes was recorded 

while the monkey made reaches to the same target. Recordings showed EMG signals remaining 

stable, with an overall average (SD) coefficient of variation across recordings of 0.24 ± 0.15. 

Muscle responses to stimulation also remained stable – at 4- 8- and 16- weeks post-surgery. We 

also recorded force responses to incrementing stimulus pulses in each electrode. Thresholds and 

peak forces were not significantly different between 4 and 16 weeks.  

Contribution summary 

This work was completed in conjunction with the authors listed on the title page of the 

manuscript in Appendix A. As co-first author, I completed all experiments and was responsible 

for processing and analyzing the data and generating figures. Andrew Fuglevand also generated 

figures, performed analysis, and co-ran stimulation experiments. Nicole Holly assisted in data 

collection and write the manuscript. All authors edited the manuscript and were involved in 

planning, preparing for, and performing the surgeries. 
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The work contained within this chapter has been published in the Journal of Neural Engineering. 

It is now copyrighted material; the paper has been included in this dissertation as Appendix B. A 

summary of the work and a contribution summary has been included within this chapter. 
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Study summary 

 Functional electrical stimulation (FES) was used to restore complex upper limb 

movement in of a non-human primate and co-developed with a means to automatically generate 

stimulation patterns based on the desired movement. These stimulation patterns, when sent 

through electrodes implanted into 29 muscles controlling the arm, generated movements that 

matched the desired movement statistically significantly better than patterns that were shuffled 

randomly.  

 To estimate muscle activity patterns for any desired movement, we used an artificial 

neural network (ANN). Our ANN would take in kinematic parameters for a reach and output the 

estimated EMG patterns needed for each muscle to replicate that movement. To initially train the 

ANN, recordings of EMG and kinematics were obtained during a monkey freely reaching toward 

a food morsel. With the generated set of recordings, the trained ANN was able to generalize to 

unseen examples, but conversion from predicted muscle activity patterns to predicted stimulation 

patterns required electrode profiling. Thus, we recorded force responses to incrementing stimulus 

pulses in each electrode, allowing us to map stimulation intensity to force and EMG intensity. 

Stimulation patterns, which were generated from the muscle activity patterns estimated from a 

new reach, were then played out in a sedated money, generating arm movements. A comparison 

between the predicted and actual EMG had large coefficients of variation, R2 = 0.78-0.92, for 

within subject predictions. When used to generate movements, R2 was significantly higher than 

stimulation patterns shuffled across muscles.  

Contribution summary 

This work was completed in conjunction with the authors listed on the title page of the 

manuscript in Appendix B. As the first author, I completed all experiments, and was responsible 
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for writing the stimulation control code, collecting, processing, and analyzing the data, 

generating figures, and writing the manuscript. Andrew Fuglevand co-ran stimulation 

experiments, performed analysis, and edited figures. Drew Sheets and Nicole Holly assisted in 

data collection. All authors edited the manuscript. 
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Abstract 

Simple tasks such as using a computer, feeding oneself, personal hygiene, and grasping objects 

are impossible for high level tetraplegics without assistance. However, most of these individuals 

retain their ability to move their head and can speak. It seems reasonable to hypothesize that signals 

derived non-invasively from these actions could be used to accurately control movements of a 

robotic limb or a paralyzed upper limb using functional electrical stimulation. The goal of this 

project was to evaluate various hands-free methods to control the end-point of a robotic arm. Able-

bodied adults participated in each of four experimental sessions. Subjects used one of four input 

methods to move the tip of a robotic arm to different targets. In one session, head 

position/orientation was mapped to the position of the robotic arm, while in a different session, 

head position/orientation was instead mapped to robot arm velocity. In another session, subjects 

used discrete voice commands to control movements of the robotic arm. Finally, as a benchmark 

comparison, the position of the subjects’ hand controlled the robotic arm. When using the head or 

hand, signals from small 6 degree-of-freedom movement sensors attached to those body parts were 

used as inputs to the robot arm. Once instrumented and having practiced, subjects performed a set 

of 72 trials, involving 6 reaches to 12 different targets for each session. Physical targets were 

wooden rings mounted on supports of different heights and designated the 5-cm radius virtual 

sphere target. For a successful reach, the tip of a pointer attached to the robot arm needed to be 

situated and held for 2 s within the target. The main dependent measure was movement time (time 

from home position exit to successful capture of the target). We observed a significant effect of 

control method on movement time (p <0.001), with averages (± SD) for hand, head (position), 

head (velocity), and voice control, 5.7 ± 1.6 s, 6.5 ± 2.4 s, 14.4 ± 4.2 s, and 19.5 ± 4.1 s, 

respectively. There was, however, no significant difference (p = 0.68) between hand and head 

position control. This outcome demonstrates considerable utility of head movements to control 

robotic arms. Such a non-invasive method could enable individuals with high level paralysis to 

interact with their environment in complex ways and greatly enhance their independence, health, 

and sense of well-being.  
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Introduction 

Of the 300,000 people living with spinal cord injuries in the United States, roughly 60% 

are diagnosed with either complete or partial tetraplegia (NSCISC, 2019). Tetraplegic patients 

incur lifetime costs associated with their injury upwards of five million dollars (NSCISC, 2019). 

In addition, tetraplegics also experience a loss of autonomy that often leads to a self-perceived 

view of being a burden on society. However, assistive technology and self-help devices have 

been developed to help these patients deal with the costs, restore some autonomy, and improve 

their overall mental health (Lasfargues et al., 1995; NSCISC, 2019). 

 When surveyed about their top desires when selecting assistive technology, tetraplegics 

indicate they want assistive technology to help them communicate, use a computer, control 

assistive robotic manipulators, and control smart wheelchairs (Orejuela-Zapata et al., 2019). For 

example, voice assistants have enabled tetraplegics to interface with the computers, which allows 

for a fulfilling work experience (Folan et al., 2013). Another area of adaptive technology that has 

rapidly progressed in the past 30 years comes in the form of robotic manipulators, which 

significantly increase autonomy for these individuals (Folan et al., 2013). With the proliferation 

of technology in everyday life, there is now more hope than ever, for those needing assistive 

technology.  

 However, because control of robotic devices requires the hand to manipulate a joystick, 

they are unavailable for use by most high-level tetraplegics. Although technology has greatly 

advanced to meet mobility needs of tetraplegics, there have been slower advances in how high-

level tetraplegics can interact with and control these technologies, including those associated 

with functional electrical stimulation e.g.,  (Hasse et al., 2022; Kevin L. Kilgore et al., 2008; 

Peckham et al., 2002). Their intention must somehow be extracted to perform tasks and many 



68 

 

clinical and research groups have spent years developing and refining techniques to address this 

problem. 

 Brain-machine interfaces (BMIs) are a technique used to extract intention directly from 

the brain to control a device. Despite their promise, BMIs come with practical limitations. First, 

their invasive implementation requires brain surgery which has high inherent risks and costs. 

Second, the implanted electrode arrays remain viable for only a limited time due to a host of 

complex factors (Bensmaia & Miller, 2014; Biran et al., 2005; Perge et al., 2013; Polikov et al., 

2005; Salatino et al., 2017). While new developments in electrode technology may partially 

mitigate some of these factors (Hong & Lieber, 2019), the long-term (i.e., years) stability needed 

for a BMIs in this context remains a significant challenge.  

An alternate, non-invasive approach is to extract intention using retained motor functions, 

such as movements of the head, eyes, tongue, or voice in high-level tetraplegic individuals. 

Relatively little scientific attention, however, has been directed toward these methods, which are 

simple, inexpensive, and safe - and may function as well or better than BMIs in controlling 

assistive devices. The main goal of this project, therefore, was to evaluate non-invasive methods 

to control movements of a robotic limb. This work is needed to identify the most efficacious and 

intuitive method to accomplish such control. Furthermore, it provides a much-needed benchmark 

against which BMIs can be assessed. 

Methods 

 Six healthy, able-bodied subjects were recruited to participate in the study (3 males and 3 

females, ages 25-65). Each subject participated in three experimental sessions over a 2-week 

period during which they controlled a robotic arm using different methods. Each session lasted 
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about 1 hour. The Human Investigation Committee at the University of Arizona approved the 

experimental procedures, and subjects gave informed consent prior to starting. 

Experimental setup 

In all sessions, subjects were seated behind but just outside the reach of a 4 degree-of-

freedom (DOF) Trossen Robotics robotic arm (total reach 75 cm) mounted on a tabletop at low 

chest level (Fig. 1A). Subjects were instructed to direct the robotic arm end-point, a pointer (~ 4 

cm in length) attached to the end of the robot, to the identified target. At the beginning of each 

session, subjects donned a sensor, and a brief calibration was performed that was used to map 

designated movements of the body part onto movements of the robotic arm. Subjects were then 

given roughly 5 minutes to familiarize themselves with the operation of the robot using the 

specific input device. A custom MatLab script performed inverse kinematics that continuously 

converted input signals into the associated joint angles needed to drive the end-point to the 

designated 3D location. 

Following equipment setup, callibration, and practice with the given control system, 

subjects performed a set of 72 trials, comprised of 6 reaches to 12 different targets (Fig. 1B). 

Physical targets (wooden rings) were attached to vertically oriented springs and mounted on 

wooden supports of different heights. On each trial, the experimenter placed a target at one of 

several designated locations. For a successful reach, the end-point needed to be held for 2 

seconds within a virtual 10-cm diameter sphere centered in the middle of the wooden ring. If the 

subject did not achieve a successful reach within 60 s, the trial was aborted and scored as a failed 

trial. After each trial, the robot arm automatically returned to the home position and the next trial 

was initiated. Four distinctive tones were played for the subject to indicate different stages in the  
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Figure 3:Figure 1. Experimental setup. 

 

Figure 1. Experimental setup. A) Subject sat behind a robotic arm and used sensor input (in 

this case, from a movement sensor attached to the head) to direct the pointer on the end of the 

arm (end-point) to a physical target. B) Representation showing locations of the 12 targets 

distributed in the workspace (blue spheres). Targets are 10cm diameter spheres. The home 

location is a 15cm diameter sphere, shown here in black.  

A 

B 
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trial: 1) trial initiation, 2) when the end-point entered the target volume or 3) when exiting the 

target volume, and 4) after successfully holding the target for two seconds. After completing the 

set of trials, the subject completed the NASA Task-Load Index (TLX), a widely used survey to  

assess the perceived demands and workload of the task (Hart & Staveland, 1988). In each 

session, the subject completed either hand control, head control (two sets - velocity and position 

modes), or voice control. The order of the sessions was randomized across subjects. 

Head control 

We used head movements as an opportunity to explore the efficacy of two general 

approaches to enact control over an effector: position and velocity control. In position control, 

the position of an input device is mapped onto the position of an effector - like the position of a 

computer mouse dictating cursor position on a screen. In velocity control, the position of the 

input device controls the velocity of the effector - not unlike a gas pedal in a car. The type 

(position or velocity) of control has been an important consideration in the design of a variety of 

other human teleoperation applications (Won Kim et al., 1987; Omarali et al., 2019; Teather & 

MacKenzie, 2020). Here we evaluated the utility of these two methods for hands-free control of 

a robot arm. 

For these sessions, Polhemus sensors were placed on top of the head using a plastic hair 

band and on the back of the neck, using tape. Calibration for head control involved the subject 

first sitting with their head pointed straight ahead and their neck neither protracted nor retracted; 

this was used as the neutral position. While keeping their neck in a non-protracted/retracted state, 

the subject was instructed to direct a cursor using head movements to “fill” in a circle displayed 

on a computer screen, with vertical cursor movements reflecting head pitch angles (up and down 
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rotations) and the horizontal cursor movements indicating head yaw angles (side-to-side 

rotations).  

To control in and out movements of the robot arm, we used head protraction/retraction. 

Here, the translation of the head along a line normal to the face is defined as 

protraction/retraction. To determine the orientation of the line normal to the face, yaw and pitch 

data was needed. The position of the head and neck was used to find the translation along that 

line. The equation below took the displacement of the head and determined which component of 

that displacement was along the protraction/retraction axis.  

𝐷 =  𝑥 ∗ cos(𝑦𝑎𝑤) ∗ cos(𝑝𝑖𝑡𝑐ℎ) + 𝑦 ∗ sin(𝑦𝑎𝑤) + 𝑧 ∗ sin  (𝑝𝑖𝑡𝑐ℎ) 

Where x, y, and z were the coordinates of the Polhemus sensor on the head relative to the neutral 

position (displacement). Yaw and pitch correspond to the yaw and pitch angles of the head (Fig. 

2A). D was the component of the displacement vector along the line normal to the face. Because 

the rotational axis of the head was centered on the sensor place on top the head, there was 

displacement along the line normal to the face while moving the head in a neutral depth (not 

protracted/retracted), which is why collecting calibration data was important.  

 During calibration, D changed as a function of head orientation in a predictable manner. 

Calibration data was used to fit a polynomial model (‘poly22’ in MatLab) – given yaw and pitch, 

this model estimated Dn, D while the depth is neutral. During robotic arm control, the difference 

between D and Dn would act as a control signal, where D<Dn corresponded to retraction and 

D>Dn corresponded to retraction. 

To understand how head movements were converted into robot-arm movements in 

position control mode, it is useful to consider the robotic arm endpoint as a vector originating 

from, and normal to, the subject’s face. Transformations between robot-based and head-based 
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Figure 4:Figure 2. Head control. 

reference frames were computed so that the endpoint of the robot aligned with this vector as 

subjects rotated their head about the yaw and pitch axes. Protraction and retraction of the head 

dictated the length of the vector.  

In position control mode, subjects were instructed to simply point their nose at the target 

and to push out or pull back their head along the pointing direction to control the extent of robot 

arm reach. In velocity control, the angular position of the head dictated the linear velocity of the 

robot arm end-point. Fig. 2B shows the mapping function for velocity mode. For example, 

rotating the head to the right (yaw angle , Fig. 2A) from the neutral position to +20 degrees 

caused the robot end-point to move to the right (i.e., in the y direction) at ~ 120 mm/s. As the 

end-point begins to align with the target, a subject might slowly rotate the head back towards the 

neutral position to slow the progression of the arm. When aligned with the target, the subject 

rotates the head to the neutral position to hold the end-point at the desired position. A buffer 

region of  3 degrees prevents small movements of the head from continuously causing robot 

A 

Figure 2. Head control. A) rotation angles used in head control of robotic arm. White disk 

indicates location of the Polhemus sensor. B) type of mapping used in velocity control mode. 

In this case, rotational displacement of the head (abscissa) mediates different linear velocities 

(ordinate) of the robotic arm end-point. A buffer region is provided whereby small 

displacements of the head from the neutral position do not cause robotic arm motion. 

B 
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arm movement. The same scheme is used for the pitch. Similarly, protraction-retraction position 

controlled the linear velocity of the end-point along the x dimension.  

Voice control 

Subjects used discrete voice commands to control the position of the robotic arm end-

point. A microphone delivered voice signals to VoiceBot (Binary_Fortress_Software, 2015), a 

PC-based application using Windows Voice Recognition. Identified words were compared, in 

real time, to a library of robot-command words. If the word matched a predefined command, 

then a command was delivered to a MatLab interface to drive the specified action of the robotic 

arm. Commands represented cartesian motion of the robot arm and included: “left”, “right”, 

“up”, “down”, “in”, “out”, and “stop”. Once a command was recognized, the robot arm moved 

with a sigmoidal velocity - time profile in the designated direction, starting slowly, and then with 

increasing speed up to a plateau. Movement continued along a path until a different command 

was given or until the subjects said “stop”, which halted movement.  

Hand control 

To provide a point of reference, one session used hand movements to control the robot 

arm. In this case, a Polhemus sensor (a small 6 DOF movement sensor) was secured to the back 

of the hand and shoulder with tape. Up-down, left-right, and forward-back movements of the 

hand relative to the shoulder were mapped onto similar, scaled motions of the robot end point for 

positional control. Hand position was restricted to 90% of the arm’s length (determined by 

extending the arm straight out). The neutral position of the hand associated with the home 

location of the robot arm was in a parasagittal plane (roughly intersecting the shoulder) and at ~ 

50% arm length along the forward and vertical axes.  
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Data analysis 

The 3D end-point position of the robotic arm was recorded (120 samples/s) and filtered 

using an 11-point moving average. The locations and times at which the robotic arm end-point 

first exited the home-position volume after the go cue and last entered the target volume in a 

successful trial were identified as the starting and ending points of a reach, respectively.  

The main outcome measures for each trial, adopted from Williams et al. included: 1) 

movement time (time elapsed from starting point to ending point), 2) path efficiency – the 

minimum distance from starting point to ending point, divided by the actual path length between 

those two points, and 3) throughput  (Williams & Kirsch, 2016). Throughput provides a 

standardized way to represent movement performance enabling ready comparison across 

different types of studies. It was calculated as the ratio of the index of difficulty (ID) to 

movement time. ID was based on Fitts law and was calculated as: ID = log2 ( (D/W) +1) where 

D was the straight-line distance between the starting point and the ending point, and W was the 

width of the target (Soukoreff & MacKenzie, 2004). As the unit of ID was bits – the unit of 

throughput was bits/s. 

For each subject and test condition, we calculated the average value across all targets and 

repeated trials for each of the three metrics. A repeated measures one-way ANOVA with input 

mode (head-position, head-velocity, voice, and hand) as factors was applied to each metric to 

ascertain whether a particular control method yielded significantly better performance than the 

others. We also carried out similar analyses using the NASA-TLX to determine whether there 

were differences in the perceived usability of each method.  
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Results 

 Representative examples depicting endpoint trajectories for each control method are 

shown in Fig. 3. The left column shows control movements (magenta traces) and x, y, z 

displacements of the robot end-point (black traces). Time 0.0 indicates when the robot endpoint 

exited the home volume and vertical lines depict instances of entering (or exiting) the target 

volume. Horizontal dashed lines represent the center of the target volume in each dimension. The 

right column shows the 3D trajectory with home and target volumes shown as spheres.  

 For the example of head position control (Fig. 3 A, B), the end-point initially moved 

mainly to the right (positive y) and then downward (negative z). After some vacillation around 

the target, a final downward (head flexion) and forward movement (protraction) delivered the 

endpoint into the target volume. In head velocity control (Fig. 3 C, D), the subject turned their 

head to the right (to about 15 degrees) and held it, leading to a constant velocity movement of the 

endpoint along the y axis. The subject then rotated the head back to the neutral position to hold 

the endpoint at that y location. Next, the subject flexed the head along the pitch axis to drive the 

endpoint down along the z axis. When the appropriate vertical displacement of the endpoint was 

achieved, the head rotated back up to the neutral position to hold that height. Lastly, the subject 

briefly protracted the head (positive depth, Fig. 3C), advancing the endpoint into the target 

volume. The head was then retracted back to the neutral configuration to maintain the endpoint 

in the target for the required two seconds for a successful reach. 

 For voice control commands are indicated on the graphs (Fig. 3E). The subject first 

commanded “right” followed about four seconds later by the command “down”. The subject then 

used the command “out” to drive the endpoint forward, followed by the command “stop”. At this 

point, the endpoint was forward of the target and just slightly below (Fig. 3F). Then, in  
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Figure 5:Figure 3. Representative example reaches. 
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Figure 6:Figure 4. Movement time for the four control methods. 

succession, the commands “up”, “stop” and “in”, “stop” were issued to bring the endpoint into 

the target zone. In the hand control example (Fig. 3G, H), the subject initially moved their hand 

simultaneously to the right (positive y) and down (negative z) to direct the endpoint in a 

relatively straight path towards the target. However, the hand wandered back and to the right 

outside of the target zone before the two-second hold time had elapsed. The subject then made 

corrective movements to return the endpoint to the target zone for the required duration.  

 In head and hand controls, simultaneous movements across all axes were feasible. 

However, subjects oftentimes controlled the robot arm using one dimension at a time. This was 

Figure 3. Representative example reaches 

Each row shows control using a different control method (A-B: head with position control, C-

D: head with velocity control, E-F: voice control, G-H hand control). Left columns show x, y, 

z displacements of the robot arm end-point (black line) and control inputs (magenta). The 

home (gray) and target (blue) spaces are indicated as dashed lines on the left and shaded 

regions on the right. Solid vertical lines show entry into the target and dashed vertical lines 

show exit from the target. In E the voice commands are also shown as text. Right columns 

show 3D trajectories. Projections of the trajectory and home/target volumes onto reference 

planes are also shown in the right column. 

Figure 4. Movement time for the 

four control methods. Shown are 

the average of the average 

movement times for all subjects. 

A) the overall movement times. 

B) movement times for the first 

and second halves of the session. 

Error bars represent ± 1 SD. * 

p<0.05, ** p<0.001, # significant 

difference (p<0.001) between first 

and second halves.  

A B 
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Figure 7:Figure 5 Performance results. 

particularly the case for velocity control (e.g., Fig. 3 C, D). In discrete voice control, only 

sequential one-dimensional movements were possible (Fig. 3 E, F). 

  Overall, average movement time (± SD) was substantially briefer for head-position (6.5 ± 

2.4 s) and hand control (5.7 ± 1.6 s) than for head velocity (14.5 ± 4.2 s) or voice (19.5 ± 4.1 s) 

control (Fig. 4A). Differences in mean values among the different control methods were greater 

than would be expected by chance (p < 0.001). Holm-Sidak multiple comparisons shows a 

significant (p <0.05) difference between all pairwise comparisons except between hand and 

head-position control modes (Fig. 4A).  

 As a coarse assessment of learning with practice, we compared movement times from the 

first 36 trials to that of the last 36. There was a significant effect of practice (p<0.001) as average 

movement time for the first half of trials was slower (12.6 s ± 6.9 s) than that of the second half 

(10.6 ± 6.6 s). This effect did not depend on control method as there was no significant 

interaction between practice and control method (p = 0.449, Fig. 4B). 

Figure 5. Path 

Efficiency (A), 

Throughput (B), 

and NASA-TLX 

scores (C). Error 

bars represent ± 1 

SD. 

A B C 
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 Path efficiency is the minimum possible path length divided by the actual path length. 

Surprisingly, there was no significant effect (p = 0.36) of control method on path efficiency (Fig. 

5A) with mean values 0.46 ± 0.08 (head position), 0.51 ± 0.11 (head velocity), 0.53 ± 0.05 

(voice), and 0.55 ± 0.09 (hand). Throughput, however, did depend on control method (p < 0.001) 

and was greater for head position (0.29 ± 0.07 bits/s) and hand control (0.33 ± 0.09 bits/s) 

compared to head velocity (0.15 ± 0.04 bits/s) and voice control (0.13 ± 0.02 bits/s) (Fig. 5B).  

 The NASA TLX is a standardized subjective assessment of workload including 

evaluations of mental demand, physical demand, temporal demand, performance, and frustration. 

Each item is scored on a 7-point scale. The larger the score, the greater the overall perceived 

workload. There was a significant effect (p = 0.039) of control method on perceived workload 

with head velocity and voice deemed the most demanding, while head position and hand control 

were considered less effortful (Fig. 5C).  

Discussion 

 Recent advances in assistive robotic arms attached to wheelchairs has greatly enhanced 

the ability of tetraplegics to perform tasks of daily living (Beaudoin et al., 2018; Bourassa et al., 

2021; Brose et al., 2010; Maheu et al., 2011; Routhier et al., 2022). Because the control of these 

robotic arms requires the hand to manipulate a joystick, they are unavailable for use by most 

high-level tetraplegics. Here we investigated hands-free methods by which a user could convey 

desired actions to a robotic device. In the context of our pointing task, head position control was 

just as effective at dictating the position of the robotic arm as hand/arm control. Furthermore, 

head position control was as intuitive and easy to use as hand control. Therefore, head position 

control would seem a reasonably simple and unobtrusive method by which high-level 
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tetraplegics could operate robotic arms and thereby increase their independence and sense of 

well-being. 

Head position control 

 When using head-position control, the robotic arm endpoint was oriented to correspond 

with the direction the subject’s head was facing. Protraction and retraction of the head was then 

used to regulate the extent of reaching along the facing axis. Subjects found this mode of control 

intuitive, as reflected in the low NASA Task Load Index score. Other studies have used different 

mappings of head movements to control a robotic arm. For example, one group  (Jackowski et 

al., 2016, 2018; Rudigkeit & Gebhard, 2019) regulated movements in the vertical and horizontal 

planes separately using the same head movements: pitch (nodding up and down) and yaw 

(rotating side to side). Specific rapid head gestures were used to toggle between control of 

movements in one plane or the other. We decided against switching between control modes to 

minimize the cognitive demand of keeping track of which mode was presently operational. For 

example, in the studies cited above  (Jackowski et al., 2016, 2018; Rudigkeit & Gebhard, 2019), 

in the vertical-plane mode, pitch controlled up and down movements while in horizontal-plane 

mode, pitch regulated in-out movements of the arm. Other studies have used roll (tilting the head 

to the side) to control depth (Aspelund et al., 2020; Williams & Kirsch, 2015). We chose to use 

protraction and retraction instead of roll to control depth because it more naturally mirrors the 

movement of the robotic arm and protraction and retraction can be controlled more 

independently from yaw and pitch, whereas roll (tilting the head sideways) is difficult to enact in 

various head orientations (e.g., with head rotated to left or right). 

 Compared to the study by Williams et al., who used head velocity control mode and roll 

to control depth, our head position control method achieved similar results. Throughput was 0.27 
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± 0.09 bits/s in their study and ours was 0.29 ± 0.07 bits/s. However, their path efficiency was 

lower at 0.33 ± 0.07, compared to ours at 0.46 ± 0.08. Comparing movement time is more 

difficult as their targets were different sizes than ours and placed at different distances, though 

the nearest comparison shows their movement time at ~6 s, compared to our movement time of 

6.5 ± 2.4 s (Williams & Kirsch, 2015).  

Head velocity control 

 In velocity control mode, endpoint x, y, and z (Fig. 1B) velocity was mapped to head 

positions. Subjects found this type of control the most demanding of the four methods tested (as 

evidenced by the high NASA Task Load Index score). Movement time was about twice as long, 

and throughput about half that as for head position control. These results are like those of a 

previous study in which subjects controlled movements of a cursor on a computer screen using 

head movements (Rudigkeit et al., 2015) In other applications, such as control of heavy 

machinery (back hoes, cranes, etc.), velocity control is widely used. When controlling machines 

with multiple joysticks, levers, and petals, velocity control is useful because you can set and hold 

a desired location by allowing the input lever to return automatically to its neutral position. This 

allows the user to readily switch between input levers to operate machines with many degrees of 

freedom. Previous work indicates that velocity control can be superior to position control where 

the workspace of the input device is substantially smaller than that of the effector workspace  

(Won Kim et al., 1987). In the present study head position control space mapped onto a 

reasonably constrained robot endpoint space to enable accurate control.  

Voice control 

 In voice control, subjects stated a one-word command, and the robotic arm followed that 

command until the subject gave another command or commanded it to stop. The main reason for 
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poor movement times and performance while using voice control stemmed from the computer 

delay in recognizing commands. The delay between voiced command and associated robot arm 

action was 0.5-1 second. As such, subjects needed to anticipate and predict how far the robot arm 

would continue traveling along its path before halting or switching directions. By keeping the 

speed of robot arm during speech control relatively slow (~ 7.5 cm/s) helped to minimize 

overshoot of targets. However, of course, this delayed progress towards the target and led to 

voice control having the largest movement times. Faster voice recognition would greatly 

improve the utility of this method  

Limitations 

 In the present study, only pointing to targets in 3D space was evaluated. For most real-

world tasks, however, grasping and object manipulation are required. To determine if the results 

in this study can generalize to higher dimensional control, future studies will have to evaluate the 

use of other control methods to enable grasping and manipulation along with reaching. Perhaps 

one means of doing this would be to use head position control to regulate reaching and voice to 

command different aspects of grasping and object manipulation. 

 Another limitation of the present study is that we tested only a select set of control 

methods. Other non-invasive means that would be available to high-level tetraplegics to control 

robotic arms include using movements of the eyes (Corbett et al., 2013; Maimon-Mor et al., 

2017; Stalljann et al., 2020; Wöhle & Gebhard, 2021) and tongue (Mohammadi et al., 2020; 

Struijk et al., 2017), electromyographic signals from neck muscles (Williams & Kirsch, 2016), 

and EEG (Jeong-Hun Kim et al., 2015; McFarland et al., 2010; Mondini et al., 2020). While we 

did explore the use of tongue, eye gaze, and EEG to control the robotic arm in preliminary 

studies, we found them all wanting for various reasons (some of which were related to the 
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specific technologies that we had available). Consequently, we did not pursue those approaches 

further. Future work should fully explore and compare those methods to the ones used here.  

 This study had a relatively limited number of subjects, all of whom were able-bodied. 

Furthermore, we only tested each control method in one session per subject. The control of a 

robot arm using hands-free methods involves the development of novel motor skills. Even within 

one session, we observed significant improvements in the control of the robot. However, 

evaluation of the practical utility of these methods requires that subjects practice using the robot 

arm over several sessions.  

 Lastly, future studies should focus on evaluating these control methods with high-level 

tetraplegics. Each tetraplegic will likely present with a specific set of deficits that may make it 

important to have a variety of control methods available. Tailoring control approaches to the 

needs of individuals will be an important endeavor to ultimately make robotic arms practical and 

beneficial.  

Concluding remarks 

 We tested control of a robotic arm in a 3D pointing task using non-invasive methods 

available to high level tetraplegics. For all methods tested, subjects were able to complete the 

task reasonably well. Head position control was particularly proficient in regulating movements 

of the robot arm, indeed, just as effectively as controlling the robotic arm using the hand. 

Overall, these methods could serve as an inexpensive and safe alternative to brain-machine 

interfaces. 
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Chapter 5: Discussion 
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Summary 

 Functional electrical stimulation has been used to restore upper limb function; however, a 

lack of systems capable of enabling a wide range of movements is a major issue preventing 

widespread use. Two challenges need to be overcome to address this: 1) the difficulty associated 

with identifying stimulation patterns needed for a wide range of complex movements, and 2) the 

difficulty in identifying user’s movement intention.  

 One project in this thesis was designed to identify the stimulation patterns needed to elicit 

complex arm movements using an artificial neural network (ANN). ANNs are trained to estimate 

the relationship between input and output data in complex systems. We recorded arm kinematics 

during complex reaches, while simultaneously recording the EMG activity that generated those 

movements. To obtain stable EMG recordings over a long term, we developed a system to 

implant electrodes into 29 arm muscles of a non-human primate. We then trained an ANN to 

estimate the relationship between the kinematic input and the EMG output. After each electrode 

was profiled, EMG was converted into stimulation patterns, thus addressing the first challenge 

identified above. 

 It is possible to use this system to generate a stimulation pattern quickly and 

automatically for any desired movement. To test our system, we estimated the stimulation 

patterns for a set of test movements. These test movements did bare some similarities to the data 

used to train the ANN; however, the ANN was not trained with these movements. This enabled 

us to test how well the ANN generalized to data it has not seen before. The electrodes used to 

record EMG were also used to deliver stimuli to muscles. After being sedated, the monkey was 

secured in an upright position and the stimulation patterns were sent to their respective muscles. 
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The reaches generated from stimulation were compared to the test reaches. R2 scores were fair on 

average, and significantly better than patterns shuffled randomly across muscles.  

 The second challenge to widespread use is the difficulty in identifying a user’s intention. 

To address this, we developed several control methods for a robotic arm. The robotic arm 

worked as a test bed, and after evaluation, a control method could be selected to use with FES. 

We focused on comparing non-invasive control methods available to tetraplegics in a 3D 

pointing task using a robotic arm. The endpoint of the robotic arm was controlled by three 

methods: with the position of the head mapped to the position of the endpoint, with head position 

mapped to the velocity of the endpoint, and with voice commands. Subjects were able to control 

the robotic arm using all these methods, with head position control mode being the most 

effective.  

Future directions 

 While the work presented here contributes significantly to advances in the control of FES 

for upper arm movement control, improvements are needed to reduce movement error. The 

magnitude of the errors between intended and evoked movements were generally too large to 

enable fine control. One means of addressing this issue would be to implement real-time 

feedback to reduce errors. Such a system would use sensors to detect, moment-by-moment, 

differences between desired and evoked trajectories. That error signal is then used to adjust 

stimulation delivered to the muscles to compensate for the errors. Another option being pursued 

is involves using the evoked movements (rather than those produced voluntarily by a trainer 

subject) and the associated stimulation patterns (rather than EMG signals) to train an ANN. In 

this way, the ANN directly learns the relation between stimulation and movement, effectively 

bypassing errors associated with prediction of EMG signals. Moreover, this approach would be 
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directly tailored to the characteristics of individual subjects and specific electrode placements. 

As such, it could be directly deployed in SCI individuals, and customized to each person’s 

specific deficits, such as muscle weaknesses and joint stiffnesses. 

 The FES system developed here to control the arm could be used to control the hand. In 

existing FES systems, evoked hand movements are limited to a small set of predetermined 

stimulation patterns. Our system could be adapted to implant electrodes in the many smaller 

muscles controlling hand movements. Then, our ANN-based control of FES should enable a 

wide range of complex hand movements. Several of the challenges with upper arm control, such 

as the large forces needed to overcome gravity and the high inertia, are less of an issue in hand 

control. Nevertheless, there would be new problems to address such as tracking and predicting 

movement for the increased number of degrees of freedom.  

 Another step that could be taken is to merge the FES line of research and non-invasive 

control strategies line of research, using one of the control methods identified in “Non-invasive 

control of robotic arm” to provide the desired movement in real time. Control of FES using 

stimulation patterns generated in real time would be a major step forward in the field of FES 

control for arm movements.  
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Abstract 

To understand how the CNS enacts movements, it seems important to monitor the 

activities of the many muscles involved.  Likewise, to restore complex movements to paralyzed 

limbs using electrical stimulation requires access to most limb muscles.  Intramuscular electrodes 

are needed to obtain isolated recordings or stimulation of individual muscles.  As such, we 

developed and tested the stability of large arrays of implanted intramuscular electrodes.  We 

implanted 58 electrodes in 29 upper-limb muscles in each of three macaques.  Electrode 

connectors were protected within a skull-mounted chamber.  During surgery, wires were 

tunneled subcutaneously to target muscles, where gold anchors were crimped onto the leads.  

The anchors were then deployed using an insertion device.  In two monkeys, the chamber was 

fixed to the skull using a titanium baseplate rather than acrylic cement.  In multiple sessions up 

to 15 weeks post-surgery, EMG signals were recorded while monkeys made the same reaching 

movement.  EMG signals were stable, with an average (SD) coefficient of variation across 

sessions of 0.24  0.15.  In addition, at 4-, 8-, and 16-weeks following surgery, forces to 

incrementing stimulus pulses were measured for each electrode.  The threshold current needed to 

evoke a response at 16 weeks was not different from that at 4 weeks.  Likewise, peak force 

evoked by 16 mA of current at 16 weeks was not different from 4 weeks.  The stability of this 

system implies it could be effectively used to monitor and stimulate large numbers of muscles 

needed to understand the control of natural and evoked movements.  
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New and Newsworthy: 

A new method was developed to enable long-lasting recording and stimulation of large 

numbers of muscles using intramuscular electrodes.  Electromyographic signals and evoked 

force responses in 29 upper limb muscles remained stable over several months when tested in 

non-human primates.  This system could be used effectively to monitor and stimulate numerous 

muscles needed to understand the control of natural and evoked movements more fully. 
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Introduction  

 Virtually all forms of movement involve complex coordination across large numbers of 

muscles.  Even ostensibly simple movements of individual fingers engage a wide array of 

muscles, many of which do not insert into the moving digit (Wood-Jones 1921; Maier & Hepp-

Reymond 1995; Schieber 1995; Fuglevand 2011).  Part of the reason for this complexity is that a 

large proportion of muscles cross multiple joints.  For example, the flexor digitorum profundus, 

when active, will tend to cause simultaneous flexion at the elbow, wrist, and all the joints of 

digits 2 – 5.  Consequently, to enable relatively isolated movements at single joints requires a 

delicate balancing act of engaging other muscles that counteract otherwise unwanted movements.  

 Most of the enormous body of work dedicated to understanding the control of movement 

has largely ignored this complexity.  Instead, in many instances, each degree of freedom at a 

joint is considered to be operated upon by single-joint agonist/antagonist muscle pairs.  Indeed, 

many theories of motor control are built upon these simplifications.  And while important 

insights into the control of movement have been gained through these simplifications, a deeper 

understanding of how the brain and spinal cord dynamically regulate movements would seem to 

necessitate tracking the electromyographic (EMG) activities of many muscles.  This, however, 

turns out to be extraordinarily difficult.  This is partly because many muscles are deep and are 

not accessible with surface electrodes.  Consequently, simultaneously recording the activities of 

the ~ 30 muscles that just move the arm, for example, becomes intractable in human subjects.   

 An important exception in this regard has been the work carried out in non-human 

primates, particularly in the context of recording brain activity during voluntary movements.  

These studies involved both percutaneously inserted and surgically implanted electrodes in 12 – 

24 upper limb muscles (DeLong & Strick 1974; Fetz & Cheney 1980; Cheney & Fetz 1985; 
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Lemon et al. 1986; Miller et al. 1993; Shen & Alexander 1997; McKiernan et al. 2000).  Typical 

durations over which these implants provided stable EMG recordings were 4 – 12 weeks.  While 

usually not reported, the most likely causes of recording failure include migration of electrodes 

out of muscles, breakage of electrode leads, and infections at the connector interface.  Given the 

valuable animal model, and enormous investment in training animals to perform various tasks, 

this relatively modest electrode lifespan undercuts the extent of useful information that otherwise 

could be obtained and necessitates the use of additional animals.   

 To address these shortcomings, Cheney and colleagues modified methods used 

previously to chronically implant pairs of electrodes in 24 upper-limb (Park et al. 2000) and 20 

lower-limb (Hudson et al. 2010) in rhesus macaques.  Two methods were used: one involved a 

modular system with externalized electrode connectors situated on the upper arm, the other used 

a connector mounted to the skull with dental acrylic.  Electrodes (bared ends of multistranded 

stainless steel wire) were inserted into muscles with hypodermic needles into which electrodes 

had been backloaded and folded over to form a hook.  Excess lead was placed subcutaneously to 

provide strain relief to accommodate limb movements.  EMG recordings with these methods 

were impressive and long lasting: 6 to 10 months for the upper limb (Park et al. 2000) and 12 to 

31 months for the lower limb (Hudson et al. 2010).   

 Despite the success of those methods, there nevertheless were some drawbacks.  For the 

arm-based connector system, animals needed to be sedated about every two weeks to have fur 

and hair shaved from the skin on the arm to replace the tape securing the connectors to the skin.  

In addition, to prevent animals from picking at the connectors and potentially damaging the 

implant, monkeys had to continuously wear metal-reinforced jackets.  Furthermore, ribbon 

cables that ran from the connectors on the arm to the recording equipment might impede free arm 
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movements during certain experiments and could lead to significant movement artifacts in EMG 

recordings.  As such, that type of system would seem to work best for activities involving limited 

arm movement.  The advantage of the skull-based connector system was that the entire implant 

was subcutaneous and therefore, there was no need for the animal to wear a primate jacket and 

no need to regularly retape connectors.  A disadvantage of such skull mounting is that the acrylic 

cement (polymethyl methacrylate, also known as dental cement) used to fix the connector can 

leave small gaps between bone and the implant.  Such gaps can be a nidus for infections that gain 

entry at the acrylic-skin interface to cause bone necrosis and implant failure (Adams et al. 2007, 

2011).  Lastly, both methods used hooked wires to anchor electrodes in muscle.  Such hooked 

wires provide minimal resistance to electrode displacement out of the target muscle.  It is 

important to note that examination of EMG signals by itself is not diagnostic for electrode 

migration because displaced electrodes could still readily detect muscle activities from inter-

fascial spaces.   

 Here we report on a method that adapts and addresses some of the limitations of the 

approach used by Cheney and colleagues (Park et al. 2000, Hudson et al. 2010).  Namely, our 

approach uses an acrylic-less, biocompatible, skull-based connector system with fully 

subcutaneous electrodes.  In addition, electrode migration is minimized using small gold-plated 

anchors attached to the electrode leads.  Finally, the system is relatively efficient to implant and 

thereby minimizes surgical time.  We have recently used this system successfully in a long-term 

study involving EMG recording and functional electrical stimulation of 29 upper limb muscles in 

rhesus macaques (Hasse et al. 2022). 

Methods 

Subjects 
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 Three adult male monkeys (Macaca mulatta, 10 – 13.5 kg, ages 7 – 11 yrs), who were 

participants in a different study (Hasse et al. 2022), were the subjects for this project.  One 

monkey (E) was implanted using acrylic-cement mounting of the electrode-connector chamber 

on the skull whereas the other two (A, M) were implanted using a titanium platform for 

mounting the chamber on the skull.  All procedures complied with guidelines for the use of non-

human primates in research and was approved by the institutional animal care committee. 

Electrode leads 

 Sixty multi-stranded, 316 stainless-steel wires coated with Teflon (AS 633, outside 

diameter = 0.3 mm, Cooner Wire, Chatsworth California USA) were soldered to a 64-channel 

electrode interface board (EIB-36-16TT, Neuralynx, Bozeman Montana USA) consisting of two, 

32 channel connectors.  Two wires were designated for each of 29 arm muscles to enable bipolar 

EMG recording and, in some cases, bipolar stimulation.  The two additional wires were included 

as backups in case of malfunction or damage during surgery.  The lead of a large disk electrode 

(silver-silver chloride, ~ 1 cm diameter), that served as a ground and stimulus return, was also 

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

removable lid that was secured with screws.  The electrodes (~ 70 cm in length) emerged from 

the base of the chamber.  The chamber (~ 30 mm diameter) was machined from Delrin (Dupont, 

Wilmington Delaware USA) for monkey E and was 3D printed using Visijet Chrystal (3D 

Systems, Rock Hill, South Carolina USA) for monkeys A and M.  After identifying the 

connector pin to which each wire was soldered, the distal ends of the wires were painted with a 

4-band color code designating the target muscle for easy visualization during surgery.  The color 

code also distinguished between the two electrodes destined for each muscle needed for bipolar 

recording.  Once the color codes were applied to all wires, they were grouped according to target 
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Figure 8:Figure 1. Dissection showing implanted muscles 

and routing of electrodes. 

muscle groups and bundled with sutures at a few positions along their length.  These bundles 

were then grouped into two sets:  one destined for muscles in the back and dorsal regions of the 

upper arm (blue, Fig. 1A) and forearm (Fig. 1B), and one destined for muscles on the ventral 

Figure 1.  Dissection showing 

implanted muscles and routing 

of electrodes.  Dissection was 

performed on a cynomolgus 

(Macaca fascicularis) monkey, 

following harvesting of organs 

for a different study.  White 

ovals indicate approximate 

locations of incisions.  

Termination of lines indicate 

sites where electrode-pairs 

were inserted into muscles. A) 

dorso-lateral view of back and 

upper arm.  Approximate 

position of the scapula is 

indicated by black dashed 

line.  The ground (gnd, green) 

and two main bundles (dorsal 

– blue, ventral – yellow) were 

pulled through to an incision 

between the scapulae from the 

chamber on the skull.  

Subscapularis (ssc) was 

approached by dorsally 

elevating the medial edge of 

scapula and inserting 

electrodes into ventral surface 

of scapula with a long 21-

gauge needle.  Ventral bundle 

was pulled through to incision 

over the medial deltoid (md). 

rh – rhomboids, ut -upper 

trapezius, ssp – supraspinatus, 

isp – infraspinatus, tm – teres 

major, ld – latissimus dorsi, 

pd – posterior deltoid, lht – 

long head triceps, lt – lateral 

triceps, br – brachialis, B) 

dorsal forearm showing 

continuation of dorsal bundle. 

brd – brachioradialis. ecr – 

extensor carpi radials, sup – 

supinator, (continued…)  



138 

 

aspect of the chest and arm (yellow, Fig. 1C).  The ground electrode (green, Fig. 1A) was kept 

separate from the two sets.  All the wires were then wrapped around and secured within a 

flexible plastic thread bobbin (XTL-6103, Beadsmith, Carteret New Jersey USA) to protect the 

wires during the initial stages of the surgery and to prevent tangling.  The implant was then gas 

sterilized in advance of surgery 

Surgery using acrylic cement to mount chamber 

Monkeys were sedated in their home cage with Ketamine HCL (10– 15 mg/kg 

intramuscular) and then anesthetized was achieved and maintained with isoflurane (1.5– 2% in 

100% oxygen) delivered through an endotracheal tube.  Hair and fur were 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 

and the periosteum removed to prepare the site for mounting the cylindrical chamber containing 

the electrode connectors. Ten titanium screws were inserted into the skull to anchor dental 

acrylic cement used to secure the chamber. The chamber 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 in 

layers into the area within the Teflon dam, which sealed and attached the chamber to the skull of 

the monkey. After the cement hardened, the Teflon dam was removed. The wires exited the 

chamber posteriorly on the skull near the occipital ridge.  They were then unwound from the 

bobbin and pulled through to an incision (~ 4 cm) made between the two scapulae (Park et al. 

edc – extensor digitorum communis, ecu - extensor carpi ulnaris.  C) ventro-lateral view of arm 

showing incisions and destinations of electrode pairs.  ad – anterior deltoid, pm – pectoralis 

major, sa – serratus anterior, bl – biceps brachii long head, bs – biceps brachii short head, mt 

– medial triceps, pr – pronator teres, fcr – flexor carpi radialis, pl – palmaris longus, fcu – 

flexor carpi ulnaris, fds – flexor digitorum superficialis, fdp – flexor digitorum profundus.   
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2000; Hudson et al. 2010).  The ground electrode was inserted into a blunt-dissected pocket at 

the mid-scapular incision.  The other wires were then rewound around the bobbin and inserted 

into the pocket in the mid-scapular incision to protect them during re-positioning and re-draping 

of the animal.  This incision was temporarily closed with a few surgical staples. The incision on 

the skull was closed with suture 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 first positioned in semi-prone position with the shoulder 

abducted and the elbow flexed. A set of incisions were made at locations above target dorsal 

muscles for electrode insertion (see ovals Figs. 1A, B).  Using blunt dissection, wire bundles 

were tunneled under the skin from one incision to the next until they reached their target 

incision, where the wire ends were exteriorized. 

Electrodes and electrode insertion 

Beginning at the most distal incision, brief trains of stimulation (40-Hz, biphasic, 250 

µs/phase, 1 - 3 mA) through a low-impedance tungsten electrode were first used to identify a site 

that evoked robust contraction in the desired muscle. The corresponding electrode wire was cut 

to a length so there was ~ 5-7 cm of wire emerging from the incision. About 2 mm of insulation 

was then removed from the end of the wire using a sterilized thermal wire stripper (Hotweezers 

M-10, Meisei Tools LLC, Thousand Oaks, California USA).  A gold electrode anchor (~ 1 x 7 

mm) (Fig. 2) was crimped onto the lead using a crimping tool (AFM8, Daniels Manufacturing, 
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Figure 9:Figure 2. Tool for inserting anchor electrodes. Orlando USA).  The 

anchor consisted of a 

crimp terminal pin (3922 

Mill-Max, Oyster Bay, 

New York USA) with the 

pin removed.  Anchors 

were used to increase 

surface area and shear 

friction and to help 

prevent electrode 

migration.   

The anchor was 

fed into the opening of a custom-built insertion tool made of a 14-guage needle with a narrow 

slot cut along the length through which the lead exited (Fig. 2).  This tool was then inserted 

alongside the tungsten electrode that served as a guide before the tungsten electrode was 

removed.  Stimuli were then delivered through the insertion tool (fully insulated with KonForm 

AR, Chemtronics, Kennesaw, Georgia USA, except for the tip of the needle) to evoke 

contraction in the target muscle and to verify optimal placement.  Using a plunger that pushed 

back through the needle, the anchor was deployed to the same location as the needle tip (Fig. 2).  

The insertion tool was removed, and stimuli were then delivered through the connector on the 

skull to the anchor to verify robust contraction in the target muscle.  If stimulation activated the 

wrong muscle, activated multiple muscles (perhaps due to placement near a peripheral nerve), or 

had a high threshold, the anchor was removed, a new insertion site identified, and the process 

Figure 2.  Tool for inserting anchor electrodes.  Anchor was a gold 

terminal pin (with pin removed) that was crimped to 0.3 mm (outside 

diameter) electrode wire that had a small amount of insulation 

removed at the tip.  The anchor was then fed into the cannula of the 

insertion tool with the lead exiting through a slot cut along the length 

of the cannula.  The cannula was electrically insulated except for the 

tip, through which stimuli could be delivered via the stimulation lead 

attached to the cannula.  When stimulation provoked robust 

contraction in the target muscle, the anchor was deployed by 

pushing a plunger through the cannula. 
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repeated.  Trains of stimulus pulses (1-s trains, 40 Hz) were then delivered every 2 s with 

stimulus amplitude incrementing in 0.2 mA steps. The threshold current was noted based on the 

intensity that first evoked a detectable contraction, identified by palpation or visible skin 

deformation over the target muscle.  This process was then repeated for the other electrode for a 

given muscle and for all other muscles.  The distance between insertion sites for a bipolar 

electrode pair was ~5 – 10 mm.   

The one exception to this method was for the subscapularis muscle.  It sits on the ventral 

surface of the scapula making it difficult to approach with the insertion tool.  For this muscle, we 

used the hooked-wire method, and back-fed ~ 5 mm of de-insulated wire into the mouth of a 

long 21-guage needle.  The lead was then folded along the outside of the needle.  The medial 

edge of the scapula was manually reflected dorsally, and the needle advanced from the midline 

incision under the scapula until it contacted its ventral surface, whereupon the needle was 

removed, leaving the electrode in place.  

Once all the electrodes were inserted at a particular incision site, slack from all the wires 

were tucked subcutaneously into the incision and either quill-type (Quill Monoderm, Surgical 

Specialties. Westwood, Massachusetts USA) or 2.0 and 3.0 coated Vicryl sutures (Ethicon, 

Somerville, New Jersey, USA) 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 into a semi-supine position to expose the ventral side.  

The animal was then re-prepped and re-draped. Incisions were made at sites on the ventral side 

overlying target muscles (Fig. 1C), the wires were tunneled subcutaneously to the appropriate 

incisions, and electrodes inserted as described above. 
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As the animal was weaned off the anesthesia, surgical dressings (Tegaderm, 3M, 

Maplewood Minnesota USA) with antimicrobial crème were applied to the incision sites. Wide 

strips of vet wrap encircled 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 to help anchor the electrodes in place (Bhadra and Mortimer 2006).  

Despite stable recordings from this animal over a period of six months, an untreatable 

infection (Methicillin-resistant Staphylococcus aureus) developed under the acrylic cement 

mount securing the chamber to the skull.  This caused severe bone degeneration requiring the 

animal to be euthanized.  This negative outcome prompted us to develop a skull mounting 

system that did not involve acrylic cement.  The two other monkeys were implanted with this 

new design, described below. 

Titanium baseplate  

For the new implant design, we adapted a method described by Blonde et al. (2018).  

This method first involved fabrication of tissue-friendly, titanium base plates that conformed 

exactly to the contours of each animal’s skull based on computed tomography (CT) image data.  

Those data were used to construct base plates for each animal using 3D printing of titanium 

(Gray Matter Research, Bozeman Montana USA).  Imprinted in the base plate was a recessed 

region for securing the chamber protecting the two electrode connectors (Neuralynx) to the 

baseplate (Fig. 3A).  A groove was also fabricated into the baseplates that served as a channel 

through which electrodes ran from inside the chamber to a posterior exit site near the occipital 

crest (Fig. 3A).  Chambers were 3D printed from Visijet (3D Systems) with a flange that sat 

flush to the titanium surface and possessed through-holes for securing the chamber to the 

baseplate with titanium screws (Fig. 3B).     
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Figure 10:Figure 3. Rendering of baseplate and chamber. 

Titanium baseplate surgery 

Implantation of the 

baseplate system involved two 

separate surgeries – one to install 

the titanium baseplate on the skull, 

and a second one in which the 

chamber was fixed to the baseplate 

and the electrodes inserted into the 

muscles.  About 6 – 8 weeks 

between the two surgeries were 

allowed for baseplates to 

osseointegrate prior to electrode 

implantation surgery.  For the 

baseplate surgery, monkeys were 

sedated and anesthetized as 

described above. Fur and hair were 

removed from the skull and the 

monkey’s head was fixed in a 

stereotaxic frame. Under sterile 

conditions, a C-shaped incision was 

made, and the skin flap was 

reflected posteriorly.   The 

temporalis muscles and fascia were 

Figure 3.  A) Titanium baseplates were custom 

fabricated for each monkey based on CT images of the 

skulls.  The plate possessed a recessed region to accept 

the chamber.  A groove at the back of the plate provided 

channel for the electrodes that exited the base of the 

chamber.  The plate was surgically implanted first.  

Several weeks later (after titanium has become well 

integrated into skull), (B) a biocompatible (Visijet) 

chamber, containing high density electrode connectors 

and electrodes, was installed on the plate. 
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resected to prepare the site for mounting the titanium baseplate. The distance forward from the 

occipital crest, based on CT images of the baseplate design (Fig. 3A), was used an anatomical 

landmark to identify the proper placement site for the plate on the skull.  The baseplate then was 

then manually maneuvered until it registered well on the skull. Eleven titanium screws were used 

to secure the plate to the skull.  A smooth cap (Visijet), the top of which was flush with the 

titanium surface and with a footprint identical to that used for the chamber, was then screwed 

into the depression in the titanium plate to eliminate high pressure regions along the inner edge 

of the titanium plate.  The skin flap was closed using 2.0 and 3.0 coated Vicryl suture. The 

animal was then weaned off anesthesia and recovered. 

Electrode implantation using titanium baseplate  

Because of unrelated postponements, chamber and electrode implantation did not occur 

until 12- (monkey M) and 13-weeks (monkey A) following baseplate installation.  Monkeys 

were sedated, shaved, prepped, and anesthetized as described above. The head was placed in a 

stereotaxic frame and a circular incision was made in the skin just large enough to expose the 

screws of the protective cap sitting in the recessed region of the titanium plate. Those screws 

were unfastened, and the cap removed.  The electrodes attached to the chamber were unspooled 

from the bobbin and tunneled posteriorly to an incision between the scapulae.  The chamber was 

then easily attached to the titanium plate with screws into tapped holes in the plate.  The skin 

surrounding the encasement was closed using drawstring suturing. The remainder of the surgery 

was performed in the same manner as the first implantation method.  

Electromyography testing 

Once implanted, all three animals participated in a set of experiments for a different study 

that involved recording of EMG signals from the implanted muscles and kinematics while the 
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monkeys made complex arm movements (Hasse et al. 2022).  Two of the monkeys also 

underwent several sessions involving functional electrical stimulation through the electrodes of 

the implanted muscles to evoke complex limb trajectories while they were temporarily paralyzed 

with anesthesia.  In addition, as one way to evaluate the stability of the implanted electrodes, 

EMG signals were recorded in several sessions while all three monkeys performed multiple trials 

of the same simple task.  The task involved the monkey reaching his hand from a start box 

(positioned near the thigh of the monkey) to a morsal of food held directly in front of and at eye 

level of the monkey, the monkey grasped the morsel, transported it to his mouth, and then 

returned his hand to the start box.  To record EMG activity, two lightweight cables were attached 

to the connectors within the skull-mounted chamber.  These cables were routed to a set of four 

eight-channel differential amplifiers (Neuralynx).  EMG signals were amplified at a gain of 

1000, band-pass filtered from 100 – 475 Hz, and digitally sampled at ~3000 Hz per channel 

using a computerized data acquisition system (Spike2, Cambridge Electronics Design, 

Cambridge, UK).  In off-line processing (MATLAB, Mathworks, Natick Massachusetts USA), 

EMG signals were full-wave rectified, low-pass filtered (3 Hz), and down-sampled to 120 

Hz/signal to match kinematic data. 

Stimulation 

As another means to evaluate electrode stability, we recorded the relation between 

stimulus intensity and evoked isometric force for all 58 electrodes in two monkeys (A, M) at 4-, 

8-, and 16-weeks following electrode implantation.  To do this, we used a method detailed 

previously (Buckmire et al. 2018, Hasse et al. 2022).  In brief, monkeys were anesthetized with 

isoflurane and placed into a modified infant car seat in a seated position.  A human pediatric 

cervical collar was used to maintain the head in an upright position. The cervical collar was 
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secured to the car seat and straps situated midway between the neck and shoulder and across the 

torso secured the animal to the chair.  An isometric transducer (45E, JR3, Woodland California 

USA) was fixed to the wrist/hand, forearm, and upper arm to record the 3-dimensional 

components of evoked isometric forces associated with muscles acting on each of those 

segments.  Limb segments proximal to the tested segments were immobilized with Velcro straps.   

Stimuli were delivered through the skull-mounted connector to each electrode separately 

using a programmable multi-channel stimulator (STG4008, MultiChannel Systems, Reutlingen, 

Germany).  Stimuli were single, biphasic (cathode leading, 250 µs/phase) rectangular pulses 

delivered at 1 second intervals that incremented from 0.2 mA to 2.0 mA in 0.2 mA steps, then 

from 3 mA to 16 mA in 1 mA steps.  We used small increments of current at the low end of 

stimulus intensities to capture, with good resolution, the minimum current needed to just evoke a 

contractile response.  The return electrode was the large ground electrode situated 

subcutaneously between the scapulae. In postprocessing, the resultant peak twitch force evoked 

by each stimulus was determined.   

Data analysis 

To evaluate stability in EMG signals over time, rectified and smoothed EMG signals 

were first time normalized to the duration of each phase (reach, grasp, to mouth, back to start 

box) of the simple reaching task.  This helps to account for some of the variability in time spent 

on each phase of the task across trials and subjects (rather than variability in EMG signal per se).  

For most cases, a machine learning algorithm was used to identify the event times segregating 

the phases of a reach from kinematics recorded with a 6 degree of freedom sensor (Liberty, 

Polhemus, Colchester Vermont USA) attached to the back of the hand with elastic wrap.  These 

time normalized signals were then averaged across all trials within a session.  Amplitudes of the 
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EMG signals were not normalized but kept in absolute units (mV) to highlight any changes in 

strength of detected signals that might have arisen because of electrode migration.   The 

coefficient of variation (standard deviation/mean) was calculated as an index of signal variability 

across sessions.   

For the stimulus evoked twitches, we first identified the minimum current needed to 

evoke a detectable force response.  We tried several methods to determine the threshold level 

automatically and objectively.  The method that seemed most reliable involved using the 

distinctive shape of a twitch to discern threshold.  Starting with the force responses to the largest 

currents and working backwards towards the weakest current, we progressively calculated the 

average correlation coefficient between a given response and the responses to the three higher 

increments in current.  When the average correlation coefficient dropped below 0.5, that 

response was considered not ‘twitch-like’ and the next higher current was deemed threshold.   In 

addition, we measured the peak twitch force at 16 mA of current another assessment of stability 

of evoked responses.  These measures were made for each of the 58 electrodes in two monkeys 

at three time points following the surgery (4, 8, 16 weeks).  To determine the degree of change in 

these measures over time, we normalized their values at 8 and 16 weeks as a percentage of that 

recorded at 4 weeks.  A simple one sample t and Wilcoxon test was performed to determine if 

the values at 8 and 16 weeks were different than 100%.   

Results 

Figure 4A shows a radiograph of the implanted system using the titanium baseplate.  The 

screws seen at the top of the baseplate are those that held the lid onto the chamber.  The disk near 

the midline is the ground/return electrode.  Individual anchor electrodes can be seen distributed 

throughout the back, chest, and arm.  The dorsal and ventral electrode bundles (see Fig. 1) are 
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Figure 11:Figure 4. Implanted system on animal. 

indicated.  The oval indicates a site where 

the main electrode bundle crossed over 

spinous process of the scapula (discussed 

below).   

Figure 4B is an image of the 

chamber, mounted on the titanium 

baseplate, with cables running to EMG 

amplifiers, taken 4 weeks following the 

implant surgery.  The skin at the margin of 

chamber made a tight seal, was healthy, 

and had no signs of infection.  Over time in both monkeys, however, the skin retracted away 

from the underlying flange of the Visijet chamber and by 12-weeks post-surgery, from the 

Figure 4.  A) radiograph showing 

implanted system.  Titanium baseplate is 

seen on the skull.  Wire bundle passed 

from chamber on the skull to a midline 

position where it was routed laterally.  

Eventually, the main bundle separated 

into two bundles destined for dorsal and 

ventral muscles of the arm. Individual 

wires can be seen terminating in anchors 

implanted in muscles.  A disk electrode 

served as ground and as the return 

electrode for stimulation. The oval over 

the spinous process on the scapula 

indicates a region where skin breakdown 

eventually occurred.  B) Photograph of 

chamber four weeks following its 

implantation with cables attached to 

connector imbedded in chamber.  Skin at 

base of chamber is healthy with a tight 

seal between the chamber and skin.   
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Figure 12:Figure 5. Example unprocessed EMG recordings. 

titanium baseplate.  Nevertheless, the skin margin remained healthy, clean, and uninfected for 

the lifetime of the implant in both monkeys.   

Figure 5 depicts an example EMG recording taken about five weeks post-surgery.  This 

recording was taken while the monkey was making free arm movements. All 29 channels 

provided low-noise, distinct, and detailed signals (e.g., single motor unit potentials are 

discernable in some muscles) with minimal indication of movement artifacts or crosstalk.   

Of the 176 anchor electrodes implanted in three monkeys, 8 electrodes failed (4.5%).  

Evidence of failure was primarily based on a marked increase in stimulus threshold.  At 

Figure 5. Example unprocessed EMG recordings from 29 arm muscles during free arm movements. 
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implantation, all electrodes had stimulus threshold values below 3.5 mA.  In the case of the 

failed electrodes, threshold values exceeded 8 mA at 4- or 8-weeks post-surgery.  This was 

sometimes accompanied, but not always, by noisy EMG signals from the associated muscles.  

We believe, but cannot be certain, that the main reason for electrode failure was breakage 

somewhere along the length of the electrode lead.  However, two of the failed electrodes were 

implanted without anchors in the subscapularis muscle.  In these cases, failure could have been 

due to electrode migration out of the muscle.  The EMG and evoked responses from the muscles 

associated with these failed electrodes were excluded from subsequent analyses.  EMG analyses, 

therefore, involved 79 muscles from three monkeys, and evoked force responses included 109 

electrodes from two monkeys. 

EMG stability 

We assessed the stability of electrode implants by examining the patterns and amplitudes 

of EMG signals recorded over several sessions during the performance of the same simple task. 

Figure 6 shows example averages of rectified, lowpass filtered EMG signals from 12 muscles 

during 10 different sessions (spanning 11 weeks) of the reaching task in monkey E.  The bottom 

of Figure 6 shows video frames demarking different stages of the task (reach, grasp, to mouth, 

back to start box).  All traces for all muscles are shown on the same non-normalized vertical 

scale (in mV).   

For the most part, these signals were highly consistent across sessions.  The average ( 

SD) coefficient of variation (CV) value across all muscles for this monkey (E) was 0.17  0.08.  

When including data from monkey A (31 sessions, spanning 15 weeks) and monkey M (11 

sessions, spanning 5 weeks), the average CV was 0.24  0.15, with median = 0.24, and range 

0.03 – 0.75.  These levels of CV are on the same order as that reported for lower limb muscles 
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Figure 13:Figure 6.  Stability of EMG recording over 78 days. 

during consecutive walking strides recorded within single experimental sessions using surface 

electrodes in humans (Winter and Yack 1987).  Collectively, such low CV values in non-

normalized EMG signals over multiple recording sessions suggest that the implanted anchor 

electrodes remained stable and durable over time.   

Stability of Evoked Forces 

Figure 6.  Stability of EMG recording over 78 days during reaches to a food morsel.  Lower 

panels show images of monkey in start position, reaching to food morsel, grasping it, 

transporting it to mouth, and returning hand to the start box.  Upper panels show associated 

rectified and smoothed EMG from 12 example muscles recorded over 11 sessions.  Each trace is 

the average of several trials (number of trials shown in latissimus dorsi panel). Coefficient of 

variation (CV) across all recorded sessions is shown for each muscle.   
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Figure 14:Figure 7. Example evoked twitches in response to stimulus pulses. 

 An independent means to evaluate the stability of implanted electrodes is to 

characterize the relation between stimulus intensity and evoked isometric force (Grill and 

Mortimer 1998).  Indeed, even small shifts in electrode position within a muscle can cause 

marked changes in evoked force (Macias et al. 2017).  Accordingly, we recorded the evoked 

twitch forces for both electrodes in all muscles across a range of stimulus intensities from 0.2 to 

16 mA on three separate occasions: at 4-, 8-, and 16-weeks following implant surgery in two 

monkeys.  From such responses, we made two measurements: the stimulus current associated 

with threshold, and the resultant peak twitch force associated with the strongest stimulus strength 

(16 mA).  We then normalized those values recorded in week 8 and week 16 as a percentage of 

that recorded in week 4.   

Figure 7 shows example evoked twitches in a single muscle (long head of triceps) at the 

three time points.  Threshold responses are shown as the pink trace.  For this example, threshold 

currents were 5, 4, and 5 mA for weeks 4, 8, and 16, respectively.  As such, thresholds at week 8 

and week 16 were 80 and 100% of that at week 4.  The peak twitch forces evoked with a 16-mA 

stimulus at 4, 8, and 16 weeks were 12.7, 14.7, and 16.1 N, yielding normalized responses of 

116% and 127% for weeks 8 and 16, respectively. 

Figure 7.  Example evoked twitches in response to stimulus pulses delivered to the long head of 

triceps that varied in intensity from 0.2 to 16 mA recorded at 4-, 8-, and 16-weeks following 

implant surgery.  Pink trace indicates identified stimulus threshold.  Double headed arrow 

indicates peak force in response to 16 mA current pulse.  
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Figure 15:Figure 8. Stability of stimulation 

response. 

Figure 8A depicts the mean (SD) normalized threshold across all electrodes, muscles, and 

both monkeys.  There was no significant change in threshold at week 8 (106  48 %, p = 0.197, 

median = 100%) or at week 16 (113  47%, p = 0.06, median = 100%) when compared to 100% 

associated with week 4.  For week 4, the threshold current across all electrodes, muscles, and 

both monkeys had a mean value of 2.5  1.7 mA, median = 1.8 mA, and a range from 0.4 – 7.0 

mA.  Despite absence of systematic changes in threshold over the measurement period, there was 

still a fair amount of variability in these measures.  The largest change was for palmaris longus at 

16 weeks, with a normalized value of 233%.  In this case, the absolute change in threshold, 

however, was less than 1 mA - changing from 0.6 mA at week 4 to 1.4 mA at week 16.   

Figure 8B shows the mean (SD) normalized evoked force for 16 mA stimulation at weeks 

8 and 16.  The evoked force at week 8 was significantly reduced (88   42%, p = 0.003, median 

= 85%) compared to that at week 4.  This reduction was seen in monkey A (76   40%) but not 

in monkey M (102   40%).  For most muscles in monkey A at week 8, there was a consistent 

reduction in force across stimulus intensities (including 16 mA).  The reason for this reduction is 

not clear.  It could be that the positioning of this monkey in the testing apparatus at 8 weeks was 

inconsistent with that of the other two sessions.  Indeed, remounting an animal in a test apparatus 

within a session can cause significant changes in isometric force in response to nerve cuff 

Figure 8.  A) mean (SD) minimum 

(threshold) current needed to evoke a 

twitch response at 8- and 16-weeks post 

electrode implantation, expressed as a 

percentage of threshold measured at 4 

weeks.  B) peak twitch force evoked with 

16 mA stimulus pulse at 8- and 16-weeks 

post electrode implantation, expressed as 

a percentage of peak force measured at 4 

weeks. * Significantly different than 

100% (p = 0.003).  
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stimulation (Grill & Mortimer 1998).  In week 16, the evoked forces were not significantly 

different than that at week 4 (102  26%, p = 0.467, median = 104%).   Overall, these results 

suggest that over the 12-week testing period, the evoked responses to stimulation were 

reasonably consistent and suggest minimal electrode migration. 

Long-term Health of the Implants 

As mentioned in the Methods, the animal (monkey E) implanted using dental acrylic to 

secure the chamber to the skull developed an untreatable bone infection and was euthanized six 

months following implant surgery.  In the other two monkeys (A and M) implanted with the 

titanium baseplates, the skin and bone surrounding the chamber remained healthy and without 

infection for the duration of the study.  However, at about six and half months following 

electrode implantation, monkey A developed a small skin ulceration near where the wire bundle 

traversed the occipital ridge on the posterior aspect of the skull that became infected.  To treat 

this, the tissue surrounding the lesion was debrided, the wound closed with suture, and 

antibiotics were initiated.  The monkey then developed another lesion and infection about one 

months later in the skin overlying the disk ground electrode through which that electrode began 

to protrude.  An incision was made adjacent to the lesion, the disk and wire were dissected from 

scar tissue and pulled back under the skin, and the incision was closed with suture.  The lesion 

was debrided, cleaned, and closed with suture.  Unfortunately, this area continued to exhibit 

signs of skin erosion.  

Likewise, monkey M developed a large lesion in the skin and infection at a site where the 

wire bundle passed over the spinous process on the scapula (see oval, Fig. 4A) at about 5 months 

following electrode implantation.  To treat this lesion, an incision was made at this site, the skin 

debrided, cleaned, and sutured closed.  Antibiotics were initiated in this monkey.  Skin 
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breakdown, however, persisted at this site.  For the health of the two monkeys, the decision was 

made to remove the implants, approximately 8 and 6 months following the original implantation 

of electrodes for monkeys A and M, respectively.  Under sterile conditions, the encasement was 

removed from the titanium baseplate, and the wires pulled, one-by-one, up and through the skin-

baseplate margin.  Significant forces applied to the wires were needed to extract them. In 

virtually all cases, the wire broke free suddenly with the anchor remaining behind. Within about 

two weeks of removal of the electrode wires, the skin lesions resolved. The two monkeys were 

transferred to another protocol involving behavioral studies.   

Discussion 

We implanted 29 arm muscles in each of three monkeys with bipolar intramuscular 

electrodes.  The implants had two novel features.  First, electrodes terminated with small gold 

anchors intended to prevent electrode migration.  Accurate placement of the anchors was aided 

using an insertion tool through which stimulation could be delivered to verify target muscle 

location prior to deploying the anchor.  Second, for two of the monkeys, we used titanium 

baseplates to which the electrode-connector encasement was attached.  This obviated the need 

for using oftentimes problematic acrylic cement to secure the encasement to the skull.  We 

adapted this method from one described by Blonde et al. (2018) for mounting chambers on the 

skull used for brain recordings.  This method was successful in maintaining healthy skin at the 

margins of the implant with no signs of infection the two monkeys in whom we used this system. 

As far as we are aware, this is the first study to quantitatively document the stability of 

implanted intramuscular electrodes using electromyographic and stimulation methods.  We 

characterized the consistency of EMG signals recorded over multiple sessions associated with 

the same reaching task.  The patterns and amplitudes of these signals remained highly similar, as 
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reflected by low coefficient of variation across sessions.  We also documented the consistency in 

isometric force responses to electrical stimulation.  While somewhat more variable than EMG, 

stimulus thresholds and peak forces at 16 weeks were not different from those recorded at 4 

weeks.  Collectively, these findings suggest that the implanted electrodes were reasonably stable 

and provided reliable muscle recording and stimulation over a period of months.   

Limitations 

The most important limitation of our study was the inability to follow the stability of the 

implant over longer time periods.  This came about because skin breakdown and consequent 

infection at particular locations led to early termination of the study.  Some of these lesions 

appeared to correspond to sites with minimal subcutaneous tissue and where large electrode 

bundles passed over bony prominences (viz. the occipital ridge and spinous process of the 

scapula).  This likely led to relatively high pressure between the electrode wires and neighboring 

tissues in these regions.  Such mechanical pressure and associated irritation can provoke 

inflammation and tissue breakdown (Rattner 2015).  In addition, these regions were associated 

with sites where all electrodes were bundled together, leading to a high density of implant 

material at these locations.  Greater density of implant material has been shown to lead to higher 

levels of persistent tissue inflammation (Klinge et al. 1998; 2002).  For future implants, 

therefore, it will be important to have a more dispersed arrangement of electrode leads, and to 

route the leads to avoid bony prominences, as much as possible.  It may also be possible to 

reduce the diameter of the electrode leads from what we used here (outside diameter 0.33 mm) to 

thinner wire (e.g., 0.28 mm).  This, however, risks some reduction in tensile strength. 

In addition, we observed tissue deterioration in the vicinity of the ground disk electrode.  

While the lead to this electrode was made of biocompatible polytetrafluoroethylene, the disk 
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itself was coated with a layer of silver silver-chloride.  Silver silver-chloride can lead to toxic 

reactions with tissue (Jackson & Duling 1983; Yuen et al. 1987), which likely contributed to 

persistent inflammation and skin breakdown.  In the future, reference electrodes composed of a 

different, more biocompatible material (e.g., titanium, Peckham & Knutson 2005) or silver 

silver-chloride coated with biocompatible membranes (Moussy & Harrison 1994; Wang et al. 

2019). 

Because we were constrained to use non-invasive methods to fix the arm for isometric 

force testing, there was likely some degree of variability as to how animals were positioned in 

the testing apparatus across sessions.  Even modest variations in limb configuration leading to 

changes in muscle length and alteration in electrode-nerve distances could lead to marked 

disparities in evoked force (Crago et al. 1980; Grill & Mortimer 1998).  Despite this, there was 

little systematic variation across time in evoked forces, suggesting that the implanted electrodes 

were reasonably stable. 

Another potential limitation of our approach is that we did not use helically coiled lead 

wire for our electrodes.  Indeed, a frequent mode of electrode failure is due to mechanical fatigue 

and breakage of leads due to repeated bending of wire as limbs move.  Leads with helical 

configurations can tolerate high dynamic stresses and reduce the likelihood of mechanical fatigue 

(Caldwell & Reswick 1975).  These leads are widely used in clinical implants for functional 

electrical stimulation.  One drawback to using helical coiled wire, however, is that the overall 

diameter of the lead increases substantially.  In our case (with 60 electrodes), the added thickness 

would have made surgical implantation substantially more challenging and would have increased 

the density of implanted material, perhaps encouraging tissue breakdown.  We instead included 

substantial additional slack wire (see Fig. 4A) to aid in strain relief on the implanted anchors. 
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Finally, another possible drawback of our approach is the relatively large size of the 

anchors that we used (1 x 7 mm).  This size made them relatively easy to handle during surgery 

and provided a reasonably large textured surface area to enhance shear friction and thereby tend 

to minimize migration.  In addition, the large gold surface area ensured low input impedance of 

the electrodes.  However, such a size may make it difficult to implant in small muscles, such as 

intrinsic hand muscles.  For those applications, it would seem necessary to create anchors about 

half the length of those used in the present investigation. 

Electrode Anchoring Methods 

 Instability and migration of implanted electrodes has long challenged 

investigators and clinicians.  For intramuscular electrodes, many investigators have adopted the 

hooked-wire method originally developed for acute recording of EMG signals (Basmajian & 

Stecko 1962).  These electrodes, however, tend to fracture at the bend in the hook, thereby 

limiting their long-term stability (Jonsson & Bagge 1968).  Indeed, many hook wire electrodes 

showed substantial migration after only one week of implantation (Peckham & Mortimer 1973 – 

cited by Bhadra & Mortimer 1997).  In over 1000 intramuscular electrodes used in human 

patients having hooked-wire fixation, about half failed within six months of implantation, mainly 

due to electrode migration (Marsolais & Kobetic 1986). 

To mitigate such displacement of electrodes, several methods have been developed.  

These include epimysial electrodes in which electrodes are imbedded in a Dacron or silicone 

sheet that is sutured to the connective tissue encompassing muscle (Grandjean & Mortimer 1986; 

Miller et al. 1993).  The drawback to these electrodes is the added surgical time needed to suture 

each sheet to muscle.  Also, some deep muscles do not offer accessible surfaces onto which these 

electrodes can be readily sutured (Memberg et al. 1994).  Another approach has been to add 
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supplemental anchoring material to the electrodes.  For example, polypropylene monofilaments 

can be affixed to the electrode to aid in securing the electrode in muscle (Prochazka & Davis 

1992, Memberg et al. 1994).  The system developed by Memberg et al. (1994) included a multi-

pronged polypropylene anchor that extended from the electrode.  A three-part implantation tool 

was needed to insert the electrodes into muscle.  Overall, this approach provided secure, long-

term stability of the implanted electrodes.  The drawback is that the electrodes require complex 

prefabrication with leads cut to length and in-line connectors to attach to leads emanating from 

the stimulator.  Furthermore, the affixed anchors and relatively thick leads (1.3 mm) make 

surgical tunneling of electrodes challenging if in-line connectors are not used. 

In our application, the anchors were the electrodes.  No prefabrication was required.  

Therefore, leads could be cut exactly to the required lengths in surgery and the anchors quickly 

secured to leads.  Furthermore, no in-line connections were needed because leads were fixed to 

the connector board prior to surgery.  Because tunneling only involved thin diameter wire (0.3 

mm) with no supplementary components on the distal ends, tangling or catching during tunneling 

was greatly minimized.  In addition, only a single, simple tool was needed for insertion.  

Collectively, this facilitated reasonably efficient surgeries, with total surgical time of ~7.5 hours 

for implanting 58 electrodes.  This compares to 12 hours required to implant 48 electrodes as 

reported by Park et al. (2001).  Lastly, we believe that the period of immobilization immediately 

following surgery enhanced electrode stability by providing sufficient time for encapsulation and 

securing the anchors in place with connective tissue (Bhadra & Mortimer 1997).  

Non-acrylic mount of connector chamber on skull 

 Dental acrylic (polymethyl methacrylate) is extensively used to fix recording chambers 

onto the skulls of non-human primates for neurophysiological recordings.  The acrylic itself does 
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not adhere to bone.  Instead, screws are inserted into the skull with screw heads lying ~ 5 mm 

above the surface of the skull.  The dental acrylic is poured over the screws to which the cement 

becomes anchored.  This method is efficient, inexpensive, and effective.  However, because 

dental acrylic does not adhere to bone, and because of potential cytotoxic effects (Dahl, small 

gaps can occur between bone and the acrylic.  Such gaps provide an ideal environment for 

proliferation of bacteria that gain access at the skin acrylic interface.  Because the infection is 

secluded under the acrylic dome, it is difficult to treat.  These infections can cause severe 

deterioration of the skull (Adams et al. 2011), as was the case with our first animal. 

 To avoid these complications, new methods have been developed using novel cement 

materials that minimize problems associate with dental acrylic (Johnston et al. 2016) or that 

avoid the use of cements altogether (Adams et al. 2007, 2011; Johnston et al. 2016; Blonde et al. 

2018).  The cement-less implants use bone compatible materials, such as titanium or polyether 

ether ketone, to secure chambers to the skull.  It is important that the implants be custom 

fabricated, using CT- or MR-based imaging data, to fit the specific contours of each subject’s 

skull to minimize gaps and promote osseointegration.   

 Here we adapted the method described by Blonde et al. (2018) and designed a two-stage 

implant specific for mounting intramuscular electrode connectors withing a protective chamber 

on the skull.  The first stage involved installing a titanium baseplate using titanium bone screws.  

Several weeks were allowed for this platform to osseointegrate to become well anchored to the 

skull.  In a second surgery, the baseplate was exposed, the chamber was then easily fixed to the 

baseplate, and electrodes routed to and inserted into target muscles.  This two-stage approach 

reduced surgical time associated with electrode implantation by at least two hours.  More 
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importantly, the skin adjacent to the skull implant remained healthy and infection free for the 

duration of the study.   

Conclusions 

 The electrode anchoring system we developed here provided stable EMG recording and 

electrically-evoked responses over a period of months.  The acrylic-free method for mounting the 

electrode connector chamber on the skull presented no complications and provided a stable 

platform for interfacing intramuscular electrodes with amplifiers and stimulators.  Skin lesions, 

however, developed at sites where electrodes bundles passed over bony prominences and in 

response to chronic inflammation associated with non-biocompatible material used for the 

ground electrode.  We believe these complications could readily be addressed in future implants, 

yielding a system that enables recording and stimulating of multiple muscles over a period of 

years.  Such a large-scale system should help deepen our understanding of the complexities of 

limb motor control both in normal and impaired conditions.   
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Abstract 

Objective. Functional electrical stimulation (FES) involves artificial activation of skeletal muscles to 

reinstate motor function in paralyzed individuals. While FES applied to the upper limb has 

improved the ability of tetraplegics to perform activities of daily living, there are key shortcomings 

impeding its widespread use. One major limitation is that the range of motor behaviors that can be 

generated is restricted to a small set of simple, preprogrammed movements. This limitation stems 

from the substantial difficulty in determining the patterns of stimulation across many muscles 

required to produce more complex movements. Therefore, the objective of this study was to use 

machine learning to flexibly identify patterns of muscle stimulation needed to evoke a wide array 

of multi-joint arm movements. Approach. Arm kinematics and electromyographic (EMG) activity 

from 29 muscles were recorded while a ‘trainer’ monkey made an extensive range of arm 

movements. Those data were used to train an artificial neural network that predicted patterns of 

muscle activity associated with a new set of movements. Those patterns were converted into trains 

of stimulus pulses that were delivered to upper limb muscles in two other temporarily paralyzed 

monkeys. Main results. Machine-learning based prediction of EMG was good for within-subject 

predictions but appreciably poorer for across-subject predictions. Evoked responses matched the 

desired movements with good fidelity only in some cases. Means to mitigate errors associated with 

FES-evoked movements are discussed. Significance. Because the range of movements that can be 

produced with our approach is virtually unlimited, this system could greatly expand the repertoire 

of movements available to individuals with high level paralysis. 
 

 

1. Introduction 
 

Current attempts to restore limb function following 

spinal cord injury (SCI) rests on four main strategies: 

surgical reconstruction—often involving tendon 

transfers from non-paralyzed to paralyzed muscle 

[1], repair the injury using a variety of neuro- 

protective and neuroregenerative agents including 

cell transplantation [2–6], artificially enable move- 

ment with powered exoskeletons [7–9], or activate 

paralyzed muscles, either by exciting spinal circuits 

below the level of the lesion [10–19] or by directly 

stimulating motor axons innervating muscle 

[20, 21, 22–25]. Therapeutic approaches, such as 

movement training [11, 26–29] and sustained elec- 

trical stimulation spanning (and upstream) of the 

injury site [30–33] have also been used effectively to 

enhance recovery in SCI, presumably by promoting 

axonal outgrowth [30] and synaptic plasticity [34]. 

Most of these approaches have focused on reinstat- 

ing patterned rhythmical movements of the legs (or 

hindlimbs) for locomotion. The challenges associ- 

ated with attempts to restore upper limb function are 

more significant, given the inordinate mechanical 

and coordinative complexity, episodic nature, and 

abundant variety of arm movements. As such, 
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functional electrical stimulation (FES), involving 

excitation of motor axons with implanted electrodes 

[20–25] provides the only feasible means to selectively 

control individual muscles needed to enact a wide 

array of motor behaviors of the arm and hand. 

Despite its promise, the total number of tetra- 
plegics who have benefited from such FES is mea- 

ger (<300 [22]) compared to ∼250 000 new cases of 

SCI-related tetraplegia each year worldwide [35, 36]. 

Paradoxically, one reason underlying such limited use 

of upper limb FES is the restricted range of motor 

behaviors that can be elicited with these systems. 

Indeed, a key barrier to more versatile control of FES 

is identifying the complex spatio-temporal patterns 

of muscle stimulation needed to evoke a large reper- 

toire of movements. To overcome this limitation, here 

we use machine learning to predict patterns of muscle 

stimulation needed to evoke a wide range of complex 

movements in paralyzed upper limbs. We show that 

for some cases, evoked movements matched desired 

trajectories with good accuracy. However, substantial 

errors were evident in others, the causes of which are 

explored. 

 

 

2. Methods 
 

An overview of our approach that combined four 

sequential stages is depicted in figure 1(A). In stage 

1, we recorded limb kinematics and the associated 

electromyographic (EMG) signals from 29 upper 

limb muscles (supplementary table 1) using chronic- 

ally implanted intramuscular electrodes (figure 1(B)) 

while a monkey made a variety of arm movements 

(figure 1(C)). The recorded EMG signals (figure 

1(D)) were rectified, low pass filtered, and 

normalized to the peak value detected within a 

recording session (figure 1(E)). Kinematics included 

three-dimensional (3D) positions, velocities, and 

accelerations of hand and elbow relative to the 

shoulder, and pitch, roll, and yaw angular orient- 

ations, velocities, and accelerations of the hand. 

These signals were then used as inputs to train a 

machine-learning algorithm (an artificial neural net- 

work (ANN), stage 1, figure 1(A)) that character- 

ized the relationship between kinematics and muscle 

activity. In stage 2 (figure 1(A)), the trained ANN pre- 

dicted muscle activity associated with a new set of 

desired movements not included in the training set. 

In stage 3, predicted patterns of muscle activity were 

transformed into stimulus pulse trains. In stage 4, the 

stimulus pulses were delivered to muscles through the 

implanted electrodes to evoke upper limb movements 

in two other implanted ‘test’ monkeys that were tem- 

porarily paralyzed (i.e. under general anesthesia). We 

used different ‘trainer’ and ‘test’ monkeys because 

paralyzed humans would not be able to provide the 

signals needed to train such an ANN. The details of 

these stages are given below. 

 
2.1. Surgical procedures 

All procedures complied with guidelines for the 

use of non-human primates in research and was 

approved by the institutional animal care commit- 

tee. Under isoflurane anesthesia and sterile condi- 

tions, three adult male monkeys (Macaca mulatta, 

10–13.5 kg, ages 7–11 years) had 29 muscles chron- 

ically implanted with intramuscular electrodes. 

Because we were interested in movement of the hand 

in 3D space and its orientation (pitch, roll, yaw), any 

of the joints of the upper limb from the scapula to the 

wrist could influence that motion. Therefore, we 

attempted to implant all the muscles that contribute 

significant torque at any of these joints. The extrinsic 

finger muscles, while mainly causing motion of the 

digits (not tracked in this study), also contribute 

significant torque at the wrist joint. As such, we also 

implanted those muscles. A total of 58 electrode 

leads (two for each muscle to enable bipolar EMG 

recording), consisting of Teflon coated, multi-

stranded stainless-steel wires (Cooner AS633, 

outside diameter 0.33 mm), were soldered to a 64- 

channel electrode interface board (Neuralynx EIB- 

36-16TT). The interface board was mounted within a 

protective cylindrical encasement and the entire 

implant was sterilized prior to surgery. In monkey E 

(trainer monkey), the encasement was attached to 

the exposed skull using dental acrylic anchored to 

bone screws. This encasement ultimately failed due 

to untreatable methicillin-resistant S. aureus 

infection possibly secondary to cytotoxic effects of 

the acrylic. In the other two monkeys (A and M, test 

monkeys), we used acrylic-less implants [37], in 

which titanium baseplates (figure 1(B), Gray Matter, 

Inc.) with undersurfaces fabricated to conform to the 

contours of the animals’ crania were mounted to the 

skulls using titanium screws. The baseplates were then 

allowed 6–8 weeks to osseointegrate before electrode 

implantation surgery. The connector encasement was 

then secured with screws to a footprint in the base- 

plate during the implant surgery. 
Leads originating from the encasement were 

routed posteriorly under the skin on the back of 

the skull to an incision between the scapulae. A 

ground/return electrode (1 cm diameter) was tucked 

into a subcutaneous pocket at this incision site (figure 

1(B)). Electrode leads (identified by a four- band 

color code painted on the distal ends) were tunneled 

under the skin to incisions over target muscles. A low 

impedance, insulated, tungsten electrode was used to 

deliver brief trains of 40 Hz intramuscular stimuli 

(biphasic, 250 µs/phase, 1–3 mA) to evoke muscle 

contractions and identify optimal locations for 

implanting an electrode. The exteriorized lead was 

then cut to length, a small amount of insulation 

was removed from the end of the lead with a thermal 

wire stripper, and a gold anchor (∼1 × 6 mm) was 

crimped to the lead. The anchor consisted of a crimp 

terminal pin (3922 Mill-Max) 
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Figure 16:Figure 1. Experimental approach 

 

 

 

 

Figure 1. (A) Steps involved in the approach. Stage 1: EMG and kinematics from voluntary movements are used to train an ANN. 
Stage 2: the trained ANN is used to predict EMG signals associated with a new set of desired movements. Stage 3: predicted EMG 
signals are converted into trains of stimulus pulses. Stage 4: stimulus pulses are delivered to muscles in temporarily paralyzed 
monkeys to evoke movements. (B) Radiograph showing titanium plate on skull to which electrode-connector encasement was 
mounted. Electrode bundle emerged posteriorly from encasement and was routed to a site between the scapulae. From there, 
electrodes (two electrodes/muscle) were tunneled to target muscles where gold anchors were attached and inserted into target 

muscles. Disk over spinous processes is an implanted ground/return electrode. (C) Small segment (∼30 s) of hand trajectory 
(measured relative to shoulder location, sampling rate 120 Hz) used for training artificial neural network (ANN). (D) Raw EMG 
signals recorded during the movement shown in (C) from 29 muscles that act primarily on the digits of the hand, wrist, elbow, 
shoulder, and scapula. Acronyms of muscles defined in supplementary table 1. (E) Rectified, lowpass filtered, and normalized (to 
peak EMG recorded in a session) representations of the signals shown in (D). These signals were used in the training of the ANN. 

All traces shown on the same normalized scale. 
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with the pin removed. Anchors were used to increase 

shear friction and surface area to help prevent elec- 

trode migration. The anchor was then fed into the 

opening of a custom-built insertion device that con- 

sisted of a 14-guage needle with a narrow slot cut 

along on the length through which the lead passed. 

This device was then inserted alongside the tungsten 

electrode that served as a guide before the tungsten 

electrode was removed. Stimuli were then delivered 

through the insertion device (fully insulated except 

for the tip of the needle) using the same parameters 

as used with the tungsten electrode to verify place- 

ment before deploying the anchor with a plunger 

pushed through the needle. The insertion device was 

removed, and stimuli were then delivered through the 

lead to the anchor to verify robust contraction in the 

target muscle. This process was repeated for a second 

electrode inserted into the target muscle ∼1 cm away 

from the other electrode, and then repeated for every 

muscle. After closing incisions, and before recov- 

ering the animal from surgery, the implanted arm was 

immobilized. Immobilization was maintained for 7–14 

d to allow fibrous tissue to encapsulate electrodes, 

helping to stabilize their placements [38]. 

 
2.2. Behavior 

Prior to surgery, monkeys were trained to reach to 

food morsels with their right arm while seated in 

an open primate chair. The left arm was restrained 

with Velcro straps. Monkeys initiated each reach with 

their hand resting on a switch-instrumented start box. 

When the hand was on the box, a tone played, indic- 

ating to the monkey that a new trial could be initi- 

ated. After 1–2 s with the hand on the start box, the 

experimenter presented a small food morsel to the 

monkey. The monkey grasped the morsel, brought it 

to his mouth, and returned his hand to the start 

position. On each trial, food morsels were positioned 

at different locations within the reach space of the 

monkey. To increase the types of arm movements, on 

most trials the experimenter moved the food morsel 

through a complex trajectory (e.g. see figure 1(C)). 

Monkeys invariably tracked the position of the exper- 

imenter’s hand with their hand and grasped the 

morsel only when the motion of the experimenter’s 

hand was halted. This tracking occurred without 

contact between the monkey’s hand and the exper- 

imenter’s hand. During the grasping phase, touch 

between the monkey and the experimenter’s hand was 

avoided (as much as possible) to minimize unaccoun- 

ted contact forces. Monkeys readily performed this 

task for 15–30 min until sated. These procedures were 

repeated over several sessions during which EMG and 

kinematic data were recorded. Data sampled in these 

sessions were used to train the ANN. 

 

2.3. Kinematics and EMG 

Electromagnetic sensors (Polhemus) were used to 

record (120 Hz/channel) six degrees-of-freedom 

 
(x, y, z positions, and roll, pitch, and yaw orienta- 
tions) motion of the right hand and elbow. Small 

sensors (0.7 cm × 0.5 cm × 0.5 cm) were attached 

with elastic wrap to the back of the hand and lateral 

elbow, and with tape to the shoulder. The shoulder 

was used to represent the origin of a reference frame 

for measuring hand and elbow positions. An addi- 

tional sensor was placed on the opposite shoulder to 

account for trunk rotations. 

To record EMG activity, lightweight cables were 

attached to the connectors within the skull-mounted 

encasement. These cables were routed to a set of four 

eight-channel differential amplifiers (Neuralynx). 

EMG signals were amplified at a gain of 1000, band- 

pass filtered from 100–475 Hz, and digitally sampled 

at ∼3000 Hz per channel using a computerized 

data acquisition system (Spike2). Timing pulses gen- 

erated by the Polhemus system were recorded by the 

data acquisition system to enable synchronization of 

kinematic with EMG data. In addition, the switch 

signal from the start box was recorded and used to 

indicate when the limb was in the start configuration. 

 

2.4. Signal processing 

In off-line processing (MATLAB, Mathworks), EMG 

signals were full-wave rectified, low-pass filtered (3 

Hz), and down-sampled to 120 Hz/signal to match 

kinematic data. EMG amplitude was normalized to 

the maximum value recorded during a session. We 

refer such processed EMG signals as ‘activation’. 3D 

coordinates of the hand and elbow were lowpass 

filtered (6 Hz), calculated with respect to the right 

shoulder location, and normalized to arm length. 

Hand orientation data were converted from yaw-

pitch-roll angular representations to quaternions to 

remove rotational discontinuities. Velocities and 

accelerations were obtained through differentiation 

(and double differentiation) of position and orient- 

ation data using finite difference methods. 

 

2.5. ANN 

We used ANNs to predict activation patterns from 

kinematics [39, 40]. The structure of the ANN used 

here was a multilayer perceptron involving a feed- 

forward network created in the Neural Networks 

Toolbox of MATLAB. Inputs to the network were kin- 

ematic signals (3D positions, velocities, and acceler- 

ations of hand and elbow relative to the shoulder, and 

pitch, roll, and yaw angular orientations, velocities, 

and accelerations of the hand) and outputs were the 

activation signals of the 29 muscles. The network was 

fully connected such that in every layer, all neural units 

received the outputs from units involved in the 

previous layer. The network possessed one hidden 

layer with 50 units. A tan-sigmoid was used as the 

activation function for each neural unit. In the out- 

put layer, all units were fully connected to all outputs 
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using a linear activation function. Network initial- 

ization was done with random weights and biases. 

Training used resilient backpropagation with gradi- 

ent descent, momentum weight, and bias learning 

functions. Mean squared error was used as the per- 

formance function. Training data were obtained from 

one session for each monkey and included 8 min 

of concatenated complex reaches to food morsels 

(see section 2.2 above). Data obtained while mon- 

keys were at rest in the start position were excluded. 

As shown in supplementary figure 1, increasing the 

amount of training data beyond ∼6 min yielded little 

improvement in predictions. 
 

2.6. Data analysis—prediction of activation from 

kinematics 

Nine trials from each of the two test monkeys (A and 

M) were selected to test the ability of the trained 

ANNs to predict activation patterns from kinemat- 

ics. These test movements were selected from many 

trials to be generally representative of the complex- 

ity, duration, and reach space explored across trials. 

These trials were not used in the training of the 

ANNs. The kinematics associated with these trials 

served as inputs to two ANN: that trained on data 

from the same monkey (within) and that trained 

on data obtained from a different monkey (monkey 

E) (across). Predictions of activation patterns for all 

29 muscles were compared to the actual activation 

patterns recorded during the test movements using 

two measures: coefficient of variation (R2) and the 

root mean squared error (RMSE—percentage of peak 

activation). Accurate predictions have R2 value 

approaching one and RMSE values approaching zero. 

 

2.7. Conversion of activation to stimulation 

In broad terms, to use activation signals as templates 

for FES, they need to be converted into trains of stim- 

ulus pulses that replicate (to a reasonable degree) the 

active states of the muscles. The magnitude of 

isometric force provides a good indicator of muscle 

active state [41]. Therefore, the relationship between 

stimulation intensity and evoked isometric force was 

first determined for each electrode. As detailed below, 

once those were determined, they were readily trans- 

formed into relations between stimulus intensity and 

activation (normalized EMG) because activation var- 

ies as a near linear function of isometric force for 

many muscles [42–44]. Time-varying activation sig- 

nals associated with desired movements were then 

converted into pulse trains with pulse amplitudes 

modulated based on the identified relations between 

stimulus intensity and activation. This approach to 

convert activation signals into stimulus pulse trains 

has previously been shown to accurately reproduced 

complex patterns of torque and displacement for a 

simple joint system [45]. 

 
Predicted activation signals (based on training 

data obtained both from the same and different mon- 

key) and the actual activation signals for the nine test 

trials were transformed into amplitude modulated 

trains of 40 Hz stimulus pulses (biphasic, cathodic 

phase leading, 250 µs/phase). Forty-Hz stimuli were 

used because force-frequency curves obtained in the 

monkey indicated that this is the lowest frequency that 

produces near maximal force with minimal force 

fluctuations [46]. The somewhat wide duration of our 

pulses (250 µs/phase) was used because our stimu- 

lator had an upper current limit of 32 mA. Wider 

pulses enabled larger pulse areas (i.e. greater charge) 

to be delivered to ensure maximum forces could be 

evoked in the target muscles. 

The relation between stimulus intensity and 

evoked isometric force was obtained using a pre- 

viously described approach [46]. Monkeys were 

sedated in their home cage with ketamine HCl (10–

15 mg kg−1 IM). Atropine (0.04 mg kg−1 IM) was 

given to reduce hyper-salivation common with 

ketamine sedation. Carprofen (2.2 mg kg−1 SQ) 

was also given to reduce inflammation associated 

with endotracheal intubation. An intravenous cath- 

eter was placed in the saphenous or cephalic vein to 

deliver lactated Ringers (5–10 ml kg h−1) to main- 

tain hydration. Anesthesia was induced with isoflur- 

ane via mask insufflation. Following induction, an 

endotracheal tube was inserted to maintain airway 

patency and deliver anesthesia (1%–2% isoflurane 

in 100% oxygen, ∼1 l min−1). An esophageal ther- 

mometer measured core temperature and was main- 

tained at ∼36.7 ◦C via a forced warm air blanket, 

bubble wrap, and blankets placed over the torso. 

Heart rate, respiratory rate, electrocardiogram, SpO2, 

end-tidal CO2, and non-invasive blood pressure were 

monitored throughout the experiment. 

Monkeys were placed into a modified infant car 

seat in a seated position. A neonatal cervical collar 

was used to maintain the head in an upright position. 

The cervical collar was secured to the car seat with 

cable ties. Straps situated midway between the neck 

and shoulder and across the torso secured the animal 

to the chair. An isometric transducer (JR3) was fixed 

to the wrist/hand, forearm, and upper arm to record 

the 3D components of evoked isometric forces asso- 

ciated with muscles acting on each of those segments. 

Limb segments proximal to the tested segments were 

immobilized with Velcro straps. 

Stimuli were delivered through the skull- 

mounted connector to each electrode separately using 

a programmable multi-channel stimulator (STG4008, 

MultiChannel Systems). Stimuli were single 500 µs 

biphasic rectangular pulses delivered at 1 s intervals, 

from 0.2 mA to 2.0 mA in 0.2 mA steps, then from 3 

mA to 32 mA in 1 mA steps. We used small 

increments of current at the low end of stimulus 

intensities to ensure that we captured, with 
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good resolution, the minimum current needed to just 

evoke a contractile response. From our previous 

work, such thresholds typically occur between 0.2 and 

2.0 mA. We used single stimuli and evoked twitches 

rather than responses to tetanic stimulation to reduce 

the time monkeys were under anesthesia and min- 

imize the possibility of fatigue. Previous work has 

shown that the normalized relation between stimulus 

intensity and force is practically the same for twitches 

and tetanic responses [47]. For scapular, shoulder, 

and elbow muscles, the return was the subcutaneous 

disk electrode situated between the scapulae, while for 

wrist and digit muscles, the other electrode situated 

in the same muscle acted as the return. 

In postprocessing (using MATLAB), the force sig- 

nals were bandpass filtered (0.05–20 Hz). The sig- 

nal from a breathing sensor, worn during the experi- 

ments, was used to trigger and average artifacts in the 

force signals recorded during periods without stimu- 

lation associated with respiration. This template was 

then subtracted from the force signals, aligned to 

each breath cycle during stimulation, to help remove 

this artifact. Resultant twitch forces were visually 

examined and the minimum current that elicited a 

just noticeable response was identified. To identify 

the maximum current, the lowest stimulus intens- 

ity needed to achieve ∼95% of the maximum result- 

ant force and which did not cause a clear change in 

force direction (see section 3) was used as the upper 

limit for stimulation. A logistic curve was fit to the 

peak resultant forces between the minimum and max- 

imum currents. Because the relation between activa- 

tion and isometric force is practically linear for most 

muscles [42–44], we substituted activation for force in 

these logistic curves. For muscles that used the sub- 

cutaneous disk electrode as the return electrode for 

stimulation (i.e. scapular, shoulder, elbow), we selec- 

ted the one electrode of the two whose data best fit 

the logistic curve and that exhibited a reasonably wide 

range of stimulus intensities over which force was 

modulated. The inverse of the logistic curve identi- 

fied for the selected electrode (or for the bipolar pair 

in forearm muscles) was then used to convert activa- 

tion at each time sample into the associated amplitude 

of biphasic current pulses running at 40 Hz. Stim- 

ulus pulses associated with actual, within-predicted, 

and across-predicted activation patterns for the nine 

test movements were stored in computer memory for 

later playout. 

 
2.8. Electrical stimulation to evoke movements 

As described above (section 2.7), test monkeys were 

sedated and secured in an infant car seat for exper- 

iments to evoke movements in the paralyzed upper 

limb. The unrestrained implanted arm was instru- 

mented with Polhemus movement sensors, and the 

hand was placed in a position like the start position 

for voluntary reaching. A custom MATLAB script 

controlled the playout of stimulus patterns associated 

 
with predicted and actual activations of 29 muscles 

using four, eight-channel programmable stimulators 

(STG4008, MultiChannel Systems). To help minim- 

ize fatigue and enhance the strength of three shoulder 

muscles (anterior, middle, posterior deltoids) cru- 

cial for the types of movements involved, we used 

two independent sources of stimulation, one arising 

from each of the two electrodes implanted in those 

muscles, as has been done previously [46, 48]. Prior 

to delivery of stimuli associated with the test move- 

ments, brief trains of stimuli were delivered separ- 

ately to each muscle to verify evoked responses in the 

target muscles. In one monkey, one of the two 

implanted anterior deltoid electrodes produced only 

weak responses to strong stimulation. Therefore, in 

each stimulation session in this monkey, we inserted 

a percutaneous, temporary, hook-wire electrode into 

anterior deltoid to serve as the second source of 

stimulation. 

In each of five sessions, 27 stimulus patterns (nine 

test movements × three sources of activation signals 

[actual, within-, across-predicted]) were delivered to 

the paralyzed upper limb and the evoked movements 

recorded. About 1 min of rest was provided between 

trials. The order of stimulus patterns was varied 

across sessions. At least one week separated consec- 

utive sessions for each monkey and these experi- 

ments were initiated 18–22 weeks following the ini- 

tial implant surgeries in the two monkeys. RMSE and 

R2 values were calculated for the x, y, and z positions 

of the hand for each evoked movement relative to the 

desired trajectory. In one session for each of the two 

test monkeys, after completing the set of 27 stimula- 

tion trials, one pattern was replayed ten times with 

∼1 min between trials to evaluate the reliability of 

stimulation. In addition, in one other session for each 

of the test monkeys, stimulus patterns based on actual 

activation signals were shuffled such that stimuli were 

delivered to randomly selected muscles rather than to 

the target muscles. This was repeated nine times, once 

for each test movement. 

 

3. Results 
 

The ability of the ANN to predict muscle activity was 

evaluated for a set of desired movements recorded 

from the two test monkeys. Nine representative 

movements were selected for each test monkey 

(figure 2(A)) from a large set of movements recor- 

ded in both monkeys. Each test movement started and 

ended with the hand resting on an instrumented start 

box. Figure 2(B) shows examples traces of actual and 

predicted normalized EMG signals (‘activation’) for 

four muscles during the nine movements in one mon- 

key. Activation signals associated with each move- 

ment (labeled 1–9 in figure 2(B)) are concatenated 

for illustration purposes. Predictions based on ANNs 

trained on data collected from the same subject 

(within—green trace) and from the trainer monkey 
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Figure 17Figure 2. Test movements and predicted EMG 

 

 

 

 

(across—blue trace) are compared to the actual activ- 

ation signals (red trace). 

For these proximal muscles (figure 2(B)), within 

predictions were excellent, having large coefficient 

of determination (R2) values (range 0.78–0.92) and 

small RMSEs (range 2.9%–4.8% of peak activation). 

In itself, such accuracy is remarkable, given the com- 

plexity of the movements and muscle activity pat- 

terns. Across predictions (blue traces, figure 2(B)) for 

these muscles were not as accurate but were still 

quite good (R2 range 0.29–0.85, RMSE range 5.6%–

9.2%). When averaged across both monkeys 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 
Figure 2. (A) Nine test movements for one monkey used to evaluate capability of machine learning to predict patterns of muscle 
activity. Hand position relative to shoulder position (diamond) was sampled at 120 Hz and normalized to arm length (as shown 
for movement 5). Color indicates time of movement, with time progressing from cool to hot colors. All movements began and 
ended with hand on an instrumented start box. (B) Actual (red) and predicted (green—within subject ANN, blue—across subject 
ANN) EMG (activation) signals in four proximal muscles for each of the nine test movements. (C) Mean (SD) R2 values between 
actual and predicted activation signals. Two-way ANOVA significant for training data source (p < 0.001) and muscle group 

between actual and predicted activation signals. Two-way ANOVA significant for training data source (p < 0.001) and muscle 
group (p < 0.001) but no interaction (p = 0.13). Holm-Sidak post-hoc analysis indicated that RMSE for scapular muscle group
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Figure 18Figure 3. Example EMG - same reach differnt monkeys 

 

 

 

 

and all movements (figures 2(C) and (D))—within 

predictions were significantly better than across, like 

what has been reported previously for human subjects 

[39, 40, 49, 50]. In addition, correlations between 

actual and predicted activations (figure 2(C)) were 

significantly greater for proximal muscle groups 

(those mainly acting on the scapula, shoulder, and 

elbow) than for distal muscles (those primarily oper- 

ating at the wrist and digits). This likely reflects the 

more direct involvement of proximal muscles in pro- 

ducing the limb movements recorded in these exper- 

iments. Interestingly, the RMSE was greater for scap- 

ular than for other muscle groups (figure 2(D)). This 

seems related to the higher overall activity levels for 

scapular muscles than other muscles during the tested 

movements (supplementary figure 2). In terms of 

kinematic parameters used to train the ANN, only a 

modest number (primarily those related to hand pos- 

ition and velocity) were needed to obtain the best pre- 

dictions (supplementary figure 3). 

To gain a better understanding of the relatively 

poor performance of the across-subject predictions of 

activation, we simply compared actual activation pat- 

terns across three monkeys during the same reaching 

task. This task involved repeated reaches to the same 

target location where the monkey grasped a small 

food morsel, transported the morsel to the mouth, and 

then returned the hand to the start box. The target 

location was positioned directly in front of the 

monkey at roughly eye level. Our assumption was that 

the patterns of muscle activity would be, for all prac- 

tical purposes, the same for the three monkeys when 

performing this task. Figure 3 shows mean activa- 

tion traces (±SD) for 16 example muscles across the 

three monkeys (different colors) for this task. Panels 

are arranged with most distal muscles in the upper 

left and progressing to the most proximal muscles in 

the lower right of figure 3. Despite some clear sim- 

ilarities in the patterns across animals, there were also 

substantial differences. Such differences in EMG 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 
Figure 3. Mean activations of 16 example muscles obtained from three different monkeys (red: n = 8 trials, blue: n = 26 trials, 
green: n = 22 trials) during the same task. Shaded regions indicate ±1 SD. Monkeys started with their hand on a start box (rest, 

upper left panel) then reached to a food morsel positioned inside a small opening of a barrier. The opening was about 3 cm in 
diameter and was directly in front of the animal at eye level. After grasping the morsel, monkeys transported the food morsel to 
their mouths, then returned their hands to the start box until the next food morsel was presented. Each phase of the movement 
(periods between vertical dashed lines, see upper left panel) was first time normalized to the duration of that phase. Then, the 
across-monkey averages of the actual durations (in seconds) for each phase were assigned to each. The overall average duration of 
the entire task was about 2.4 s. During the ‘rest’ periods, monkeys tended to extend the elbow and adduct the arm to position the 
hand correctly in the start box. While there were similarities in the patterns of muscle activities across animals, there were also 
substantial intra-subject difference for this relatively simple task. 
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Figure 19Figure 4. Identifying stimulus current range for each electrode 

 

 

 

 

for a given task with nearly identical kinematics has 

been reported previously both within [51] and across 

[52–55] human subjects. Consequently, the poorer 

prediction accuracy across subjects (figures 2(C) and 

(D)) was likely due (in part) to the somewhat faulty 

assumption that the same movement will be associ- 

ated with the same patterns of muscle activities in dif- 

ferent subjects. 

Nevertheless, we converted both the within- and 

across- predicted, and actual muscle activations asso- 

ciated with the test movements into stimulus pulse 

trains to be delivered to the implanted muscles in 

anesthetized test monkeys. For the present applic- 

ation, we used amplitude-modulated, biphasic cur- 

rent pulses running at 40 pulses s−1. For each of 

the 58 implanted electrodes (2 in each muscle), 

we first needed to identify the range of stimulus 

intensities that activated the target muscle without 

exciting neighboring muscles. To do this, monkeys 

were sedated and secured in a modified infant car seat 

(figure 4(A)). A transducer was fixed to the 

wrist/hand (figure 4(B)), forearm, or upper arm to 

record the 3D components of evoked isometric forces 

associated with muscles acting on each of those 

segments. 

Single pulses were then delivered (1 pulse s−1) in 

an incrementing fashion through each electrode and 

the evoked twitches recorded. As examples, figures 

4(C) and (E) show the time-courses of the resultant 

twitch forces at each stimulus intensity for 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

Figure 4. (A) Set up for identifying stimulus current range for each muscle electrode. Monkeys were sedated and secured upright 
in an infant car seat. An isometric transducer was fixed to the wrist/hand (B), forearm, or upper arm to record the 3-dimensional 
components of evoked isometric forces associated with muscles acting on each of those segments. Limb segments proximal to the 
tested segments were immobilized with Velcro straps. (C) Example resultant twitch force responses in teres major and associated 
(D) force vectors for stimulus pulses that incremented in amplitude in 0.2 mA steps from 0 to 2 mA and in 1.0 mA steps from 
3–32 mA. The return electrode was a large subcutaneous disk between the scapulae (figure 1(B)). No responses were seen (blue 
traces, (C)) until the stimulus amplitude reached 1.4 mA (min). Evoked responses then increased and had a consistent direction 
up to a stimulus amplitude of 17 mA (max, bold line) whereupon the force vector began to change direction and showed a second 
rise in magnitude (red traces, (C), (D)). Changes in force direction were attributed to the activation of nearby muscles. (E), (F) 
Same as for panels (C) and (D) except for a different muscle, flexor carpi radialis. In this forearm muscle, both active and return 
electrodes were situated within the muscle. In this case, little change in force direction was observed (F). The upper limit of 

stimulus intensity (max) was identified as the lowest current that evoked ∼95% of the maximum force (bold trace). 
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teres major and flexor carpi radialis. Figures 4(D) and 

(F) show the force vectors associated with the peak 

resultant force at each intensity. For teres major 

(figure 4(C)), evoked responses showed two phases, 

that leading up to an initial plateau, and a subsequent 

rise to a second plateau. Such intermediate plateaus 

could be due to activation of distant nerve branches 

within the same muscle [48, 56] or to activation of 

neighboring muscles. To distinguish these possibilit- 

ies, we examined the direction of the resultant force 

vectors. As shown in figure 4(D), the direction of the 

resultant force began to change for stimulus intens- 

ities above 17 mA, which we attributed to excitation 

of neighboring muscles. We used the largest stimulus 

intensity prior to such changes in force direction as 

the upper limit of stimulus intensity for each muscle. 

Lower limits were discerned as the minimal current 

that just evoked a noticeable response. 

The muscles in the forearm are relatively small 

and their stimulation can readily cause nearby 

muscles to be activated. Furthermore, detecting 

changes in force direction can be challenging, partic- 

ularly for neighboring synergists. To address this, we 

used bipolar stimulation in forearm muscles (current 

passing between active and return electrodes both 

within the same muscle) rather than monopolar stim- 

ulation (current passing between active electrode in 

muscle and the large return electrode between the 

scapulae) used for larger, more proximal muscles. 

This seemed to be an effective way to restrict cur- 

rent spread and minimize activation of neighboring 

muscles. Figures 4(E) and (F) show an example of 

such bipolar stimulation of a forearm muscle wherein 

little change in force direction occurred up through 

the maximum current delivered. In these cases, we 

identified the lowest intensity needed to 

achieve ∼95% of the maximum force as the upper 

limit for stimulation (bold line, figure 4(E)). 

For each electrode, the peak resultant force was 

fit as a logistic function of stimulus intensity between 

the minimum and maximum current levels. Knowing 

that the relation between EMG activity and isomet- 

ric force is roughly linear, we substituted normalized 

EMG (activation) for force in the logistic stimulus 

intensity curves [45]. Then for each of the nine test 

movements, actual and predicted (within and across) 

activation signals for all muscles were transformed 

offline into 40 Hz trains of stimulus pulses with cur- 

rent amplitude modulated as an inverse logistic func- 

tion of activation. 

Then to test the degree to which the nine test 

movements (different movements for the two mon- 

keys) could be elicited artificially, both test mon- 

keys were sedated in five sessions each and secured 

to infant car seat. Their implanted arm was unres- 

trained, instrumented with movement sensors, and 

positioned similar to the start position during awake 

 
reaching. The intramuscular electrodes were connec- 

ted to a bank of programmable stimulators holding 

the stimulus pulse patterns for each test movement 

associated with actual, within-predicted, and across-

predicted activation signals. Then in each ses- 

sion, each stimulus pattern (nine movements × three 

sources of activation) was delivered to the muscles 

and the resulting movements recorded. The order of 

stimulus patterns was varied across sessions. 

A video depicting a test movement and the asso- 

ciated evoked movement is shown in figure 5. The 

evoked movement was smooth, complex (including a 

lateral reach, followed by transport of the hand near 

the mouth, and a return to start position), and gen- 

erally captures the profile of the desired movement. 

Figure 6(A) shows the set up for these experiments 

and figures 6(B) and (C) show example trajectories 

of a desired and evoked trajectories for a different test 

movement. The time varying x, y, z positions of the 

hand (relative to the shoulder) for this example are 

depicted in figure 6(D). For this case, while the ver- 

tical (z) dimension was reasonably well re-produced, 

an initial lateral (positive y) displacement of the hand 

during electrical stimulation led to clear differences 

between desired and evoked trajectories in the first 

half of the movement. Likewise, a posteriorly directed 

(decreasing x direction) hand motion during stimu- 

lation in the second half of the trial also led to not- 

able error. As this example highlights, it could be that 

even modest imbalances in muscle forces applied to 

the unloaded limb may lead to significant displace- 

ment errors. 

When averaged across both test monkeys, all test 

movements, and x, y, z directions, the average R2 val- 

ues between evoked and desired trajectories were all 

>0.3 (figure 6(E)). These were all significantly greater 

than that associated with movements evoked by ran- 

dom shuffling of the stimulus patterns such that each 

muscle received a stimulus pattern designated for a 

different muscle. Likewise, the RMSE was greater for 

the shuffled trials than for the other trials (reaching 

significance, however, only for the within and across 

conditions). Such shuffling provides a reason- ably 

stringent comparison as the underlying temporal 

patterns were maintained and there were significant 

correlations in activity patterns across muscles. Sur- 

prisingly, there were no significant differences in the 

accuracy of evoked movements across the three main 

sources of activation (actual, within predicted, across 

predicted). Therefore, despite substantial differences 

in the quality of the activation predictions (figure 2), 

evoked movements based on these predictions were 

no worse than that using the actual activation sig- 

nals. This implies that a dominant source of error was 

that related to the fidelity with which delivered stim- 

ulus pulses replicate the targeted active states within 

muscles. 
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Figure 20Figure 5. Video Frame depicting evoked movement 

Figure 21Figure 6. Evoked movements set-up and example 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
Figure 5. Frame from video (in supplemental materials) depicting example evoked movement. Actual (desired) movement is shown 

on the left and associated evoked movement, based on predicted activation patterns is shown on the right. The movies are first shown 

in real time and then slowed down by 50%. 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
 
 

Figure 6. (A) Set up for evoking movements in anesthetized monkeys. Monkeys were secured upright in infant car seat with 
implanted arm instrumented with movement sensors and free to move. Example set of stimulus pulses associated with actual 
activation patterns recorded for one of the test movements. Only above threshold, cathodic phases (shown positive for illustration 
purposes) of biphasic pulses are shown. All stimuli shown on the same scale. Example (B) desired and (C) evoked hand 
trajectories for stimulus pattern shown in (A). Length of each scale bar represents 0.55 arm-length displacement. (D) Time 
courses of desired and evoked hand displacement in x (anterior-posterior), y (medial-lateral), and z (vertical) directions for 
examples shown in (B) and (C). (E) Mean (SD) R2 and RMSE values of evoked relative to desired movements, averaged across 
two test monkeys, nine test movements, and five test sessions using actual and predicted (within and across) activations as 
stimulus templates. Shuffled trials involved using actual activation signals but delivered to randomly selected muscles other than 
the target muscles. One-way ANOVA showed a significant effect (p < 0.001) of activation source on R2, with shuffled trials 
significantly less (p < 0.05 Dunn’s post-hoc method) than the other three. There was a significant effect of activation source on 
RMSE (p < 0.001), with shuffled greater than within- and across-predicted (p < 0.05) but not actual. 
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Figure 22Figure 7. Within and across session variability in evoked movements 

 

 

 

 

Some insight into the nature of those errors 

can be obtained by examining trajectories evoked by 

repeated delivery of the same stimulus pattern. 

Figure 7(A) shows hand trajectories elicited upon ten 

repeated trials in one session in one monkey. In 

this case, the evoked movements were consistent 

across trials. Despite this reliability, <50% of the 

variability in the desired movement was accounted 

for in the evoked movement (R2 = 0.45 ± 0.02, mean 

± SD). This implies that there existed systematic 
errors in the conversion of activation signals into 

desired muscle contraction with electrical stimula- 

tion. There can be several sources of such errors. For 

example, the relation between stimulus intensity and 

evoked force was obtained at one limb configuration 

only. However, as joint angles change during move- 

ment, the effectiveness of stimulation can vary due 

to changes in the distance between the electrode and 

motor nerve branches within a muscle [57]. Also, 

maximum stimulus intensity, identified as that which 

evoked maximal force prior to activation of other 

muscles (figure 4), was mapped to the peak EMG 

detected during a recording session. Such peak EMG 

values, however, may not actually reflect the maximal 

activation of the muscle, as implied in our mapping. 

As shown in figure 7(B), we also encountered less 

reliable responses to repeated stimulation within a 

session. In this case (obtained in the other monkey), 

there was a progressive reduction in the extent of 

movement with repeated trails, likely due to mount- 

ing muscle fatigue. A key muscle involved in these 

upper limb movements is the anterior deltoid, which 

supports the arm’s weight against gravity. To enhance 

the magnitude of evoked forces and to help minimize 

fatigue, we used two electrodes in this muscle as inde- 

pendent stimulus sources [46, 48]. Perhaps due to 

non-optimal electrode placements, stimulation may 

not have been effective in enlisting the full comple- 

ment of muscle fibers in anterior deltoid (and other 

muscles). In such a case, muscle loads are carried by a 

smaller fraction of muscle fibers than would normally 

occur, increasing the susceptibility to fatigue. 

Variability in evoked responses across sessions to 

the same stimulation pattern could also be substan- 

tial (figure 7(C)). It might be that small differences in 

initial conditions (such variations in body position or 

starting configuration of the limb) contributed to such 

variability. Indeed, remounting an animal in a test 

apparatus within a session has previously been shown 

to cause significant changes in isometric forces in 

response to nerve cuff stimulation [58]. It is also 

possible that changes over time in electrode position 

and degree of tissue encapsulation may have con- 

tributed to across session variability. However, our 

experiments involving evoked movements occurred 

at least 18 weeks following implant surgery, well past 

the ∼8 weeks needed for stimulating electrodes to sta- 

bilize physically and electrically [58]. 

Finally, it is important to point out that monkeys 

underwent repeated sessions of general anesthesia to 

induce upper limb paralysis in these experiments. 

Previously we showed in two other monkeys that 

underwent 13 and 15 sessions of such general anes- 

thesia that no adverse events occurred in any of 

the sessions [46]. Evoked maximum isometric forces 

of arm muscles in that study were similar across 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
Figure 7. Within and across session variability in evoked movements. (A) evoked hand trajectories for ten repeated trials of one 
test movement in monkey A and (B) in monkey M. Trials were recorded within the same session with about 1 min rest between 
trials. (C) evoked hand trajectories for one test movement recorded in five separate sessions in monkey M. Cold colors indicate 
early trials, warm colors later trials. Diamond indicates shoulder location. Axes are set up as shown in figure 2(A), except shown 
in absolute rather than normalized units. 
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sessions. Those animals, as well as those in this study, 

recovered within ∼45 min following cessation of 

anesthesia, exhibiting fully coordinated movements, 

eating and drinking. The animals remained healthy 

throughout the entire testing period and showed no 

long-term effects of repeated anesthesia. As such, 

this method can reasonably be used to repeatedly and 

safely evaluate aspects of FES delivered with 

percutaneous or chronically implanted electrodes in 

macaque monkeys. 

 

4. Discussion 
 

Here we have shown that machine learning can be 

used to predict EMG signals associated with com- 

plex upper limb movements with reasonable fidelity, 

particularly for proximal muscles. When using such 

predicted (or actual) activation signals as stimula- 

tion templates, evoked movements matched desired 

trajectories well in some cases. As a proof a prin- 

ciple, these results demonstrate that such an approach 

could provide a flexible means to stimulate large 

numbers of muscles needed to produce a wide range 

of upper limb movements in paralyzed individuals. 

Oftentimes, however, the evoked movements 

only moderately matched desired movements. Addi- 

tional developments, therefore, are needed to reduce 

errors before such an approach could be implemen- 

ted in paralyzed human patients. Systematic errors 

and those leading to trial-by-trial and across-session 

errors could be addressed in different ways. For sys- 

tematic errors, one promising approach might be to 

use the evoked movements (rather than those pro- 

duced during voluntary movements) and the asso- 

ciated stimulation patterns (rather than EMG sig- 

nals) to train machine learning algorithms [59]. In 

this way, the algorithms would directly learn the 

relation between stimulation and movement, effect- 

ively bypassing errors associated with stage 3 shown 

in figure 1(A). Furthermore, this approach would be 

tailored to the idiosyncrasies of electrode place- 

ments and the particular deficits of each SCI indi- 

vidual (such as those associated with muscle atrophy, 

joint stiffness, etc). Nevertheless, initial stimulation 

patterns based on actual EMG patterns recorded in 

healthy subjects would provide a more efficient means 

to obtain the needed training data than using arbit- 

rary stimulation for this approach. This is because it 

would use activity patterns already identified by the 

central nervous system as natural solutions as to how 

multiple muscles are activated in the elaboration of 

complex movements. 

For trial-by-trial and session-by-session errors, 

such as those due to fatigue, unexpected perturba- 

tions, and unaccounted body/limb position changes, 

it seems crucial to combine on-line feedback control 

[12, 60, 61] with the open loop control system used 

here. A significant challenge for feedback control in 

 
the present context, however, is enacting real-time 

adjustments over large numbers of muscles based on 

sensed discrepancies between actual and desired 

trajectories. 

It is also important to recognize that predict- 

ing muscle activity patterns associated with free arm 

movements, as we did here, represents only one gen- 

eral type of motor behavior that tetraplegics would 

hope to have re-instated. Indeed, the major motor 

deficit in most tetraplegics relates to inadequate con- 

trol of the hand and fingers. Restoration of complex 

behaviors to the hand and fingers with FES is a sig- 

nificant challenge because of the many small muscles 

and movement degrees of freedom. Nevertheless, we 

believe that the general approach taken here could 

provide a framework for that application. Also, the 

practical utility of a system for controlling FES neces- 

sitates that it predicts patterns of muscle stimulation 

needed for manipulation and transporting objects in 

the environment. Previously, we partly addressed this 

issue and included grip force signals along with limb 

kinematics to predict muscle activation when human 

subjects moved loads of different masses held in the 

hand through complex trajectories [40]. By including 

grip force (as a proxy for object load) EMG prediction 

was equally as good for tasks involving interactions 

with external loads as for unloaded movements. 

In addition, it is important to consider how 

a paralyzed individual would supply the desired 

movement trajectory as the input to a trained FES 

algorithm. The most notable approach would be to 

identify intended movement trajectories from neural 

recordings obtained through electrodes implanted in 

the brain [62–70]. Alternatively, various non-invasive 

approaches are being developed that enable indi- 

viduals with high-level paralysis to convey movement 

intentions to robotic arms e.g. [71–74]. Ultimately, 

such signals representing intended motion could be 

transformed into the appropriate patterns of muscle 

stimulation using the approach described here to pro- 

duce diverse movements in a paralyzed limb rather 

than in a robotic device. 

However, a feasible alternative to the approach 

described here might be to use synergies to reduce the 

dimensionality of the FES control problem. In this 

way, users would directly control muscle stim- 

ulation via a relatively small set of muscle synergies 

[75, 76] or kinematic synergies [77] to enact a wide 

array of movements [78, 79]. Furthermore, adopting 

a synergy-based approach might aid in identifying 

optimal interactions among muscles [79]. In practice, 

however, the synergy approach might nevertheless be 

challenging for a user to control. Most investigations 

indicate a minimum of three (and typically more) 

dominant synergies are needed to capture a 

significant proportion of the variance in EMG [75, 

76, 78, 79] or kinematic [77, 80] signals recorded 

during a variety of motor tasks. As such, 
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this would require users to simultaneously control at 

least three separate channels (for example, via 

myoelectric signals from retained muscles, if avail- 

able), each modulating a different synergy to com- 

mand FES to produce movements. But simultaneous 

control over even two such command signals can 

represent a substantial cognitive load. Users could 

partially overcome this cognitive challenge by con- 

trolling one synergy at a time [78, 81]—but this could 

lead to jerky, inefficient, and robot-like motions. 

Furthermore, muscle [78, 82] and kinematic [83] 

synergies are surprisingly individual and may not be 

readily transferable from an able-bodied subject 

(from whom the synergies would need to be 

determined) to a paralyzed individual—a problem 

like what we encountered here (figure 3), wherein 

patterns of muscle activities could be markedly 

different across subjects for ostensibly the same 

movement. 

The advantage of the approach described here 

is that users would need only to supply information 

related to the desired trajectory of motion. That 

information would then be converted by a trained 

algorithm into the patterns of muscle activity needed 

to generate the trajectory. This would seem to be 

a more intuitive approach than having to simultan- 

eously control different muscle synergies. Indeed, it 

is well established that populations of neurons in the 

primate motor cortex appear to encode desired 

movement trajectories e.g. [84–86], that can be used 

effectively to control robotic arms via brain-machine 

interfaces e.g. [62, 64]. If coupled to an FES system 

like the one detailed here, such an integrated 

approach might ultimately reinstate a wide range 

of voluntary arm movements, accruing health bene- 

fits associated with increased muscular activity, and 

increasing independence and well-being in paralyzed 

individuals. 
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Figure 23Fig. S1.  Extent of training data on accuracy of ANN in predicting EMG 

  

Fig. S1.  Extent of training data on accuracy of ANN in predicting EMG.  Mean 

(SE) of R2 values between predicted activation signals and that recorded across all 

muscles, test movements, and five repeated selections of training data for different 

durations of training data.   Training data did not include test movement data.  ANN 

predictions based on (A) training data obtained from the same monkey (within 

predictions) and (B) from a different monkey (across predictions). 
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Figure 24Fig. S2.  Actual activation values for each muscle group 

 muscle group 

 

  

Fig. S2.  Mean (SD) actual activation values across all test movements and both monkeys for 

each muscle group.  Scapular muscles were more strongly activated on average than other 

muscle groups (p = 0.014, 1-way ANOVA, * p < 0.05 Holm-Sidak post hoc analysis). 
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Figure 25Fig. S3.  Effect different kinematic parameters EMG prediction accuracy 

 

Fig. S3.  Effect of including different sets of kinematic parameters in training artificial neural 

networks on prediction accuracy of activation patterns.  (A)) Models 1 – 9 progressively 

included (filled rectangles) x, y, z positions of the hand;, x, y, z velocities of the hand; x, y, z 

accelerations of the hand; x, y, z positions of the elbow; x, y, z velocities of the elbow; x, y, z 

accelerations of the elbow; pitch, roll, yaw orientations of the hand; pitch, roll, yaw angular 

velocities of the hand; pitch roll, yaw angular accelerations of the hand. (B) mean (SD) R2 

values across all muscles and test movements in one monkey for each kinematic model based 

on within-trained ANN.  Note that inclusion of accelerations (models 3, 6, 9) provided little 

noticeable improvement in predictions.  Likewise, inclusion of elbow velocity (model 5) or 

hand angular velocity (model 8) yielded little improvement in accuracy.  For model 10, only 

hand position, hand velocity, elbow position, and hand orientation were included.  Predictions 

based on this simplified model were just as good as that including all parameters. 
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Table 1Table S1.  Implanted muscles, acronyms, functions 

Table S1.  Implanted muscles, acronyms, functions.  These muscles were selected because they 

were considered as the main muscles controlling arm movements.  Other muscles, such as teres 

minor, pectoralis minor, coricobrachialis, dorsoepitrochlearis, and levator scapulae were not 

implanted because of their relatively small sizes and presumed ancillary roles. 

Muscle Group* Muscle Acronym Main Functions 

extrinsic digit extensor digitorum communis edc extend digits 2 – 5 and wrist 

extrinsic digit flexor digitorum profundus fdp flex digits 1 – 5 and wrist 

extrinsic digit flexor digitorum superficialis fps flex digits 2 – 5 and wrist 

wrist supinator sup supinate forearm 

wrist extensor carpi radialis ecr extend and radial deviate wrist 

wrist extensor carpi ulnaris ecu extend and ulnar deviate wrist 

wrist pronator pro pronate forearm 

wrist flexor carpi radialis fcr flex wrist 

wrist palmaris longus pl flex wrist 

wrist flexor carpi ulnaris fcu flex and ulnarly deviate wrist 

elbow lateral triceps latr extend elbow 

elbow long head of triceps lotr extend elbow and shoulder 

elbow medial triceps mtr extend elbow 

elbow brachioradialis brd flex elbow 

elbow brachialis bra flex elbow 

elbow medial (short) head of biceps mbi flex elbow, supinate forearm 

elbow lateral (long) head of biceps lbi flex elbow, supinate forearm 

shoulder pectoralis major pma adduct and internally rotate 

shoulder 

shoulder  anterior deltoid adel flex shoulder 

shoulder middle deltoid mdel abduct shoulder 

shoulder posterior deltoid pdel extend shoulder 

shoulder teres major tmaj adduct and internally rotate 

shoulder 

shoulder latissimus dorsi lats extend, adduct, and internally 

rotate shoulder 

scapular serratus anterior sant protract scapula 

scapular infraspinatus isp externally rotate shoulder, abduct 

scapula, shoulder stabilizer 

scapular supraspinatus ssp abduct and stabilize shoulder 

scapular upper trapezius utr elevate scapula 

scapular subscapularis ssc internally rotate, adduct, and 

stabilize shoulder 

scapular rhomboids rho retract and elevate scapula 

*Designation of muscle groups is somewhat arbitrary as many muscles operate across multiple 

joints.  Scapular muscles are those that have an extensive origin or insertion on the scapula. 

 


