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Abstract 

 The purpose of this work was to evaluate changes in forearm muscle activity and 

co-contraction caused by sudden wrist perturbations during a dynamic wrist tracking task 

using a haptic wrist robot. Surface electromyography was recorded from eight muscles of 

the upper-limb. Participants were seated with their forearm placed on an armrest, 

grasping the handle of a haptic wrist robot. Participants performed trials consisting of 17 

repetitions of ±40° of wrist flexion/extension. During trials, participants received 3 

perturbations. Perturbations varied based on condition: radial or ulnar direction, during 

flexion or extension, and with known or unknown timing. Co-contraction ratios for all 

muscle pairs illustrated significantly greater extensor activity across all experimental 

conditions. Expected (known) perturbations produced greater anticipatory muscle activity 

as well as greater task performance. While improving performance, this increase in 

anticipatory muscle activity may leave muscles susceptible to early-onset fatigue and 

chronic overuse injuries in the workplace. 
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1.0 Introduction 

1.1 Background 

Musculoskeletal disorders (MSDs) are the most common type of workplace injury 

in Ontario, accounting for over 42% of all lost-time claims accepted by the Workplace 

Safety and Insurance Board (WSIB) (WSIB, 2018). From 1996-2006, the combined 

direct and indirect cost of workplace MSDs amounted to an estimated $19 billion in 

Ontario (Musculoskeletal Disorders & Ergonomics, n.d.). As a result, occupational 

injuries create a significant burden on the economy, our healthcare system and on the 

families of those who become injured. In many workplaces, the upper extremities are 

fundamental in completing complex tasks, but alternating workplace demands can lead to 

inefficient performance and workplace injuries. Upper extremity MSDs are increasing 

and pose a significant economic burden on countries all over the world (Van Eerd et al., 

2016). In 2016, illnesses and injuries of the upper extremities accounted for 21.8% of all 

lost time claims (WSIB, 2018). Additionally, upper extremity disorders can cost large 

sums of money to treat and ultimately lead to no quality of life improvements, leading to 

further treatment and mounting costs (Manktelow, Binhammer, Tomat, Bril, & Szalai, 

2004). A 2004 cross-sectional study investigating carpal tunnel syndrome in Ontario 

workers found that four years after treatment, only 14% of workers were symptom free 

(Manktelow et al., 2004).  

Sudden disturbances (perturbations) to a system are routine in daily activities and 

workplaces, such as when interacting with power tools or when performing complex 

tasks that involve an open environment. These disturbances can lead to elevated levels of 

muscle activity via co-contraction to increase joint stability and act as a protective 
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mechanism to reduce injury risk. To minimize musculoskeletal (MSK) injury risk, an 

upper limit of 1-5% of maximum voluntary electrical activation (MVE) has been 

proposed for individuals performing continuous work throughout the day, depending on 

the type of loading (Aarås & Westgaard, 1987; Jonsson, 1978). This can be problematic 

for some individuals, as simply holding a tool may result in muscle activity greater than 

these specified guidelines (Mogk & Keir, 2003). This prevents the muscle from achieving 

adequate rest periods during duty cycles and can contribute to muscular fatigue and joint 

loading over time (Mogk & Keir, 2003). Since low levels of upper extremity muscle 

activity are often unavoidable in the workplace, a better understanding of how the 

neuromuscular system adapts to sudden perturbations can provide insight into 

compensation strategies.   

Perturbations involve deviation from an object’s normal path, often caused by an 

external stimulus. Perturbations have been previously explored using external loads, 

typically at the elbow and shoulder joints. When participants are aware of the 

perturbation timing, increased muscle activity has been observed, indicating an 

anticipatory muscular response to stiffen the joint and protect it from injury (Holmes & 

Keir, 2012). The neuromuscular system is able to selectively increase joint stiffness and 

stability by increasing muscular co-contraction (De Serres & Milner, 1991). However, 

pre-emptively increasing joint stiffness is metabolically inefficient as muscles may be 

activated long before joint stiffness is required. This approach suggests an inefficient 

optimization solution for the neuromuscular system. Additionally, a key limitation of co-

contraction is that simultaneous contraction of agonist/antagonist pairs does not produce 

any useful work output from the muscles, yet these muscles are consuming metabolic 
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energy when activated (Hogan, 1984). A reflex response may be a more efficient 

alternative to anticipatory co-contraction and joint stiffening. The importance of the 

spring-like properties of the reflex response was first identified by Feldman in 1966. 

However, the neuromuscular delay involved with a reflex response can cause joint 

instability and musculoskeletal injury (Jacks, Prochazka, & Trend, 1988). A combination 

of anticipatory and reflex responses from the muscular system appear to optimize joint 

stiffness and maintain joint safety while minimizing metabolic cost. Manipulation of any 

object involves some degree of mechanical interaction (Hogan, 1984). It is postulated that 

the central nervous system (CNS) utilizes mechanical impedance to dictate reaction 

forces in the hand in response to perturbations from the object being manipulated (Hogan, 

1984). The magnitude and pattern of muscle activation and co-contraction varies based 

on the nature of the instability being encountered (Milner, 2002). Wrist flexor and 

extensor muscles remained elevated with respect to premovement levels, even 1,000 ms 

after the movement had stopped (Milner, 2002). This suggests a need for co-contraction 

of agonist and antagonist muscles to stiffen the joint in order to achieve joint and limb 

stability at the final position even when no destabilizing load is present (Milner, 2002). 

Previous research has also shown that accuracy is influenced by muscle co-contraction 

(Gribble, 2003). During a rapid pointing task, it was found that as the final target size 

decreased, the level of co-contraction at the elbow and shoulder increased (Gribble, 

2003). This suggests that the central nervous system may use co-contraction to modify or 

facilitate the accuracy of an individual’s movements. Additionally, if an individual 

requires a high degree of accuracy for a task, they are less likely to be affected by 

perturbations, since their joints will have increased stability due to co-contraction.  
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Holmes & Keir  investigated muscle activity (Holmes & Keir, 2012) and joint 

stiffness and stability (Holmes & Keir, 2014) during elbow perturbations with various 

postures and types of loads. Holmes & Keir found that working with a fluid (unstable 

dynamics) load led to increases in their co-contraction indices of the elbow and forearm 

muscles when compared to no load and solid load trials. Stabilizing a dynamic, fluid load 

challenges the neuromuscular system, leading to increased muscular activity and joint 

stiffness. The greatest muscle activity was found during standing trials while holding a 

fluid load, indicating that trunk posture may have an impact on muscular demands and 

lead to increased joint stiffness (Holmes & Keir, 2012). It was found that perturbations 

with known timing resulted in greater activity prior to the perturbation while 

perturbations with unknown timing lead to high reflex responses following the elbow 

perturbation (Holmes & Keir, 2012). This work involved using an external impact to 

illicit the perturbation. Due to this experimental setup, the limb being impacted is not in 

constant contact with the perturbing device, causing the exact impact force across 

subjects to be unknown and variable. Additionally, this work looked only at muscular 

changes and reactionary periods during perturbations with no insight into their effects on 

task performance. Perturbations often occur in workplace scenarios, making changes to 

accuracy and performance due to perturbations an important topic for future 

investigation. 

 

1.2 Research Gap 

Previous research into perturbations at the wrist joint has focused mainly on the 

effects during static loading rather than dynamic movement. However, this is not 
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applicable to many workplace scenarios and likely does not provide complete insight into 

limb stabilization. The utilization of tools in the workplace typically involve dynamic 

movement rather than static loading. Additionally, investigation into the effects of 

perturbations during dynamic movement has primarily been conducted at the elbow and 

shoulder joints. Furthermore, little research has been conducted to investigate any 

decrements to performance that may be caused by the presence of perturbations at the 

wrist. For these reasons, investigation into the effects of perturbations during dynamic 

wrist movement is necessary. 

 

1.3 Research Questions 

 How do perturbations at the wrist joint effect forearm muscle activity and co-

contraction during dynamic movement. Immediately following a perturbation, how do 

individuals prioritize returning to a desired path/trajectory? Are there muscular strategies 

(activation, timing) or recruitment patterns that best translate to performance?  

 

1.4 Hypotheses 

1. There will be greater co-contraction at the wrist during the anticipatory time 

period for trials with unknown perturbation timing when compared to known 

perturbation timing (Holmes, Tat, & Keir, 2015).  

2. Trials with unknown perturbation timing will result in greater joint 

displacement  compared to trials with known perturbation timing (Holmes & 

Keir, 2012).  
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3. As participants are performing dynamic movement, forearm muscles will have 

increased activity immediately prior to perturbations; there will be a 

facilitation of the short and long-latency stretch reflexes (Smeets & Erkelens, 

1991). This will present as an overcorrection to the perturbation before 

returning to the target path.  

4. This overcorrection will be greater for trials with known perturbation timing 

as the joint will have greater pre-loading compared to trials with unknown 

perturbation timing (Smeets & Erkelens, 1991).   

5. As the perturbations produce radial and ulnar deviation, FCU and ECU will be 

the most active in response radial perturbations while FCR and ECR will be 

most active in response ulnar perturbations. 

6. FDS activity will be greatest prior to known perturbations as participants are 

prepared to resist the applied force by increasing grip force. 

 

2.0 Literature Review 

2.1 Forearm Anatomy and Mechanics 

2.1.1 Bones and Joints 

The forearm is structurally composed of two bones; the radius, which spans the 

lateral side of the forearm, and the ulna, which forms the medial portion of the forearm. 

The radius and ulna form two radioulnar joints, at the proximal and distal ends, allowing 

pronation and supination of the forearm. The forearm is located between the elbow joint 

and the radiocarpal joint. The elbow joint is a hinge joint formed by articulations between 
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the proximal head of the radius and the capitulum of the humerus as well as between the 

trochlear notch of the ulna and the trochlea of the humerus. The radiocarpal joint is a 

complex structure formed by the distal end of the radius and the proximal carpal bones. 

These bones form an ellipsoid joint with two degrees of freedom (flexion/extension and 

radial/ulnar deviation) (Moore et al., 1993).  

 

2.1.2 Muscles and Actions – Wrist 

Fifteen muscles cross the wrist joint and contribute to wrist movements. Six of 

these muscles are dedicated solely to wrist movement. These muscles include: Flexor 

Carpi Radialis (FCR), Flexor Carpi Ulnaris (FCU), Extensor Carpi Radialis Longus 

(ECRL), Extensor Carpi Radialis Brevis (ECRB), and Extensor Carpi Ulnaris (ECU). 

The isolated activity of five dedicated wrist movers will produce movement along vectors 

with direction (Figure 1): ECRL = 70o, ECRB = 48o, ECU = 289o, FCR = 152o, FCU = 

220o (Bawa, Chalmers, Jones, Søgaard, & Walsh, 2000). To produce pure 

flexion/extension or radial/ulnar deviation, muscles in that plane  
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must balance and coordinate force contribution. (Bawa et al., 2000) The remaining 

muscles cross both the wrist joint and interphalangeal joints where digit movement is 

considered the primary movement (Bawa et al., 2000). These muscles include Flexor 

Digitorum Superficialis (FDS) and Extensor Digitorum Communis (EDC). While these 

muscles’ primary action is digit movement, it is suggested that the digital flexors likely 

contribute significant forces and moments about the wrist (Brand and Hollister, 1993). 

The anterior compartment (Figure 2) of the forearm houses three muscles of interest: 

Figure 1: Lines of action for 5 dedicated wrist movers 
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FCR, FCU, and FDS. FCR is a superficial muscle originating at the medial condyle of the 

humerus and inserts at the base of second and third metacarpals, on the palmar side. FCR 

primarily functions to flex and radially deviate the wrist while also providing minor 

contributions to elbow flexion and forearm pronation. FCU is a superficial muscle 

comprised of two heads; the humeral head originates from the medial epicondyle of the 

humerus while the ulnar head originates from the medial portion of the olecranon process 

and proximal two thirds of the posterior border of the ulna. FCU inserts at the pisiform, 

hook of hamate, and the base of the fifth metacarpal (palmar side) and functions to flex 

and ulnar deviate the wrist while also providing minor contributions to elbow flexion. 

FDS lays between the superficial and deep layers of forearm muscles. FDS is comprised 

of three heads: the humeral head originates from the medial epicondyle of the humerus 

and ulnar collateral ligament, the ulnar head originates from the medial aspect of the 

coronoid process, and the radial head originates from the proximal half of the anterior 

radius, distal to the radial tuberosity. FDS inserts at the sides of phalanges 2-5 by means 

of four separate tendons. FDS primarily serves to flex the proximal interphalangeal joints 

2-5 while also assisting in flexion of metacarpophalangeal joints 2-5 and flexion of the 

wrist.  

The posterior compartment (Figure 2) of the forearm houses four muscles of 

interest: ECRB, ECRL, ECU, and EDC. ECRB originates on the lateral epicondyle of the 

humerus and inserts on the base of the third metacarpal on the dorsal side. ECRB serves 

to extend and radially deviate the wrist and assists in flexing the elbow. ECRL originates 

on the distal one-third of the lateral supracondylar ridge of the humerus and inserts at the 

base of the second metacarpal on the dorsal side. ECRL acts to extend and radially 
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deviate the wrist as well as assisting in flexing the elbow and pronating the forearm. ECU 

originates on the lateral epicondyle of the humerus and the middle one-third of the 

posterior ulna and inserts at the base of the fifth metacarpal on dorsal side. ECU extends 

and ulnar deviates the wrist and assists in extending the elbow. EDC originates on the 

lateral epicondyle and inserts on the middle and distal phalanges 2-5 on the dorsal side. 

EDC serves to extend digits 2-5, extend the wrist, and assists in extending the elbow. 

 

 

 

 

 

Figure 2: Anatomical orientation of forearm musculature; Anterior compartment (left) and 
posterior compartment (right) (Source: http://teachmeanatomy.info) 
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2.1.3 Muscles and Actions – Elbow 

 The elbow joint has two actions, flexion and extension. Three muscles contribute 

to elbow flexion: Brachioradialis, Biceps brachii, and Brachialis. Brachioradialis 

originates on the proximal two thirds of the lateral supracondylar ridge of the humerus 

and inserts on the lateral surface of the radial styloid process. Brachioradialis has a 

primary action of elbow flexion while also contributing to supination. The Biceps brachii 

short head’s origin is the coracoid process of the scapula; the long head originates at the 

supraglenoid tubercle and inserts at the radial tuberosity and bicipital aponeurosis. The 

biceps brachii serves as the prime elbow flexor while also contributing to shoulder 

flexion and abduction and supination of the forearm. Brachialis’ origin is the distal half of 

the anterior surface of the humerus and inserts at the coronoid process and the tuberosity 

of the ulna. Brachalis is solely dedicated to elbow flexion.  

The elbow is extended primarily by the Triceps brachii with some contribution 

from anconeus. Triceps brachii is comprised of three heads: the long head originates at 

the infraglenoid tubercle of the scapula, the lateral head originates from the proximal half 

of the posterior humerus, and the medial head originates from the distal half of the 

posterior humerus. All three heads of the triceps brachii insert at the olecranon process of 

the ulna. The primary action of the triceps brachii is extension of the elbow while the 

long head also contributes to extension and adduction of the shoulder extension and 

adduction of the shoulder. Anconeus originates from the posterior surface of the lateral 

epicondyle of the humerus and inserts on the lateral portion of the olecranon process of 

the ulna. Anconeus’ primary function is to assist the triceps brachii in extending the 

elbow while also providing stabilization to the ulna during pronation and supination of 
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the forearm.  

 

2.2 Surface Electromyography 

2.2.1 Technique 

 Electromyography (EMG) is a technique which measures the electrical potential 

produced by compound motor unit action potentials (MUAP) travelling across the muscle 

fibre membrane during muscle contraction. While at rest, the sarcomeres maintain a 

voltage gradient of approximately -90mV (Kamen & Gabriel, 2010). This gradient results 

from the concentrations of sodium and potassium inside and outside of the muscle fibre 

membrane. At rest, a higher concentration of sodium is found outside of the muscle fibre 

membrane while potassium has a greater concentration within the muscle fibre. This 

results in a -90mV gradient within the muscle fibre membrane relative to outside of the 

membrane (Kamen & Gabriel, 2010). To produce a muscle contraction, a motor neuron 

generates an action potential at the neuromuscular junction. This action potential causes 

sodium to rapidly move into the sarcomere, resulting in a brief period of depolarization in 

which the membrane potential changes from -90mV to approximately 10mV (Kamen & 

Gabriel, 2010).  The depolarization travels away from the neuromuscular junction in both 

directions, causing the muscle fibres to contract. Following depolarization, potassium 

travels out of the sarcomere, allowing the voltage gradient to return to its resting state. It 

is this depolarization and repolarization that is recorded by EMG electrodes as they travel 

across the muscle fibre membrane (Kamen & Gabriel, 2010). Surface EMG (sEMG) 

involves placing adhesive electrodes on the skin over the belly of the muscle to measure 

these electrical signals, sEMG is therefore limited to measurement of superficial muscles 
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(Kamen & Gabriel, 2010). As sEMG measures muscle activity from the skin, surface 

electrodes collect the summed activity of all motor unit action potentials below the 

electrodes. Fine wire and needle EMG electrodes are inserted into the muscle which 

allow for more precise EMG placement and measures. Fine wire and needle EMG 

electrodes also allow for the measure of individual motor units; however, these 

techniques are invasive, whereas sEMG is quick and non-invasive.  

 

2.2.2 Postural Changes 

 The complex muscular architecture of the forearm prevents the existence of a 

straight forward relationship between EMG activity and force production (Mogk & Keir, 

2003). Changes in forearm and wrist posture will result in changes to muscle lengths 

(Lieber, Loren, & Friden, 1994; Ljung, Fridén, & Lieber, 1999). Changes in muscle 

length lead to subsequent changes in muscle moment arms, which will cause alterations 

in an individual muscle’s force production ability as posture is changed (Loren et al., 

1996). These individual muscular changes complicate the EMG-force relationship and 

increases in overall joint force production may be due to a number of factors; changes in 

muscle contribution, changes in muscle moment arms, and the muscle’s cross-sectional 

area (CSA). 

  Wrist extensors have been found to be more active than wrist flexors when 

gripping while in a pronated forearm orientation; while the wrist flexors are more active 

than the extensors when gripping while in a supinated forearm orientation (Mogk & Keir, 

2003). Additionally, flexor activity increases as the wrist moves from a neutral position 
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into a flexed position, while in both a neutral and supinated posture (Mogk & Keir, 

2003). Opposingly, extensor activity increases as the wrist moves from flexion into 

extension (Mogk & Keir, 2003). Extensor activity has been found to be greater than 

flexor activity at low levels of grip force (0-5% grip) (Claudon, 1998; Mogk & Keir, 

2003). Extensors and flexors become similarly active as grip reaches 50% of maximum 

(Claudon, 1998; Mogk & Keir, 2003). Finally, flexor activity exceeds extensor activity as 

grip approaches maximum (70-100% grip) (Mogk & Keir, 2003). Wrist flexion was 

found to reduce maximum grip force, however, this reduction was not reflected in EMG 

measures (Claudon, 1998; Mogk & Keir, 2003). FDS activity was found to be greatest 

while in a partially extended position (30o of extension) (Claudon, 1998). EMG levels for 

FDS are significantly greater when the wrist is in maximum extension than while in 

maximum flexion (Claudon, 1998). ED activity was found to be greatest in the partially 

extended position for 50% and 100% MVC trials; for low intensity trials (20% MVC), 

ED is most active when the wrist is in maximum extension (Claudon, 1998). 

 

2.2.3 Crosstalk 

 Forearm muscles are numerous and in close proximity, which can lead to an issue 

known as EMG crosstalk. This occurs when activity of nearby muscles contaminates the 

recorded EMG of the target muscle. Crosstalk can be assessed using cross-correlation 

techniques to determine the amount of common signal recorded by two different 

electrodes (Kamen & Gabriel, 2010). A number of factors influence the amount of 

crosstalk recorded in an EMG signal, these include electrode placement, interelectrode 

distance, and subcutaneous fat (Kamen & Gabriel, 2010). It is therefore extremely 
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important that electrode placement over forearm muscles is accurate to ensure that correct 

EMG measures are recorded and recorded activity from adjacent muscles is minimized. 

The distance between electrodes is vital in reducing crosstalk, it has been observed that 

an increased distance of as little as 0.5cm can double the amount of common signal 

recorded (Kamen & Gabriel, 2010). Furthermore, a greater amount of subcutaneous fat 

leads to an increased distance between the surface electrode and the target muscle, this 

can lead to increases in crosstalk (Kamen & Gabriel, 2010; Solomonow et al., 1994). 

Using electrode placements outlined by Perotto (1994) EMG crosstalk between forearm 

flexors and extensors during various gripping tasks was found to be minimal, with cross-

correlation values revealing 1-2% common signal between the muscles recorded (Mogk 

& Keir, 2003). However, Mogk and Keir placed surface electrodes around the forearm in 

a circular manor with no electrodes directly over specific forearm muscles. Therefore, 

spacing and relative flexor vs extensor cross-correlations could be measured but not 

between individual muscles. Yung and Wells (2013) used EMG and ultrasonography to 

examine forearm muscle crosstalk and optimal electrode placement. They concluded that 

while surface EMG is unlikely to completely differentiate between various forearm 

muscle, the placements used in this and previous studies maximize the detection of the 

target muscle (Holmes et al., 2015; Yung & Wells, 2013). Kong, Hallbeck, & Jung 

(2010) found that the peak common signal for dedicated finger flexors was 4% while 

dedicated wrist flexors had a peak common signal of 21.9%. It was also found that 

implementing a blind signal separation (BSS) algorithm can effectively reduce crosstalk 

across all forearm flexors to zero (Kong et al., 2010). 
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2.3 Co-contraction 

 Co-contraction involves the simultaneous activation of both an agonist and 

antagonist muscle which cross and act upon the same joint (Damiano, Martellotta, 

Sullivan, Granata, & Abel, 2000). This interaction serves to stiffen and increase the 

stability of the joint. Adaptations in muscle co-contraction alter joint stiffness, and 

provides a level of protection from external loads that may hinder dynamic movement of 

the joint (Gribble, 2003). There are a variety of methods for calculating co-contraction 

and they can all provide different insight into the relationship between muscles. At the 

same time, a variety of methods can make it difficult for direct comparison between 

studies. Co-contraction can be quantified by normalizing an antagonist muscle to its 

activity when it is an agonist (Hamstrings activity during knee extension normalized to 

hamstrings activity during knee flexion) (Baratta et al., 1988). One method used to 

determine levels of co-contraction between agonist and antagonist muscles is a simple 

ratio. Damiano et. al. used a ratio by dividing the minimum EMG (antagonist) by the 

maximum (agonist). The magnitude of co-contraction was then found my normalizing the 

EMG to isometric maximums and finding the mean of the overlapping EMG (Damiano et 

al., 2000). However, when attempting to relate co-contraction to muscle force and joint 

loading, a simple ratio may not be appropriate. Two muscles activated at 10% of 

maximum or 80% of maximum will provide the same ratio, yet the subsequent loading on 

the joint is very different. Co-contraction can also be represented instead as joint 

stiffness; this is calculated using applied torque measures as well as resultant angular 

joint displacement (Humphrey & Reed, 1983). The use of z-scores has also been 

observed to calculate levels of co-contraction (Suzuki, Shiller, Gribble, & Ostry, 2001). 
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The area under the curve is another method that has been used to determine levels of co-

contraction. For this method, the area of overlapping EMG signals of antagonistic 

muscles is calculated over a desired period to determine co-contraction of the two 

muscles (Damiano et al., 2000). Z-scores of each muscle about a joint are averaged and 

weighted averages for each muscle is calculated (e.g. about the shoulder; posterior 

deltoid, anterior deltoid, and pectoralis received weights of 0.5, 0.25, and 0.25 

respectively). While this seems to be a reasonable method of calculating co-contraction, 

Suzuki and colleagues did not provide an explanation as to how they produced these 

specific values for their weighted averages. Co-contraction has been assessed using co-

contraction indices (Holmes & Keir, 2012; Kellis, Arabatzi, & Papadopoulos, 2003; 

Lewek, Rudolph, & Snyder-Mackler, 2004; Mohr, Lorenzen, Palacios-Derflingher, 

Emery, & Nigg, 2018): 

𝐶𝐶𝐶𝐶𝐶𝐶 = �  
𝑁𝑁

𝑖𝑖=1

��
𝐸𝐸𝐸𝐸𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙(𝑖𝑖)

𝐸𝐸𝐸𝐸𝐸𝐸ℎ𝑖𝑖𝑖𝑖ℎ(𝑖𝑖)
� (𝐸𝐸𝐸𝐸𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙(𝑖𝑖) + 𝐸𝐸𝐸𝐸𝐸𝐸ℎ𝑖𝑖𝑖𝑖ℎ(𝑖𝑖))� 

These equations provides a ratio of the two muscles and by multiplying by the 

EMG levels of the muscles involved, it also provides a magnitude for the muscles 

contracting (Holmes & Keir, 2012; Lewek et al., 2004; Mohr et al., 2018).  

 

2.3.1 Joint Stiffness 

 It is often considered that increases in muscle co-contraction translate to increased 

joint stability. However, the true mathematical approach to stability suggests that a joint 

is either stable or not, a binary outcome. A system is considered stable if it is able to 
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return to its original state or position in response to a perturbation (Potvin & Brown, 

2005; Reeves, Narendra, & Cholewicki, 2007). Another important concept when 

examining joint stability is robustness. Robustness refers to that systems ability to endure 

disturbances and unpredictability (Reeves et al., 2007). A system or joint that is able to 

remain stable when introduced to both small and large perturbations is deemed robust 

(Reeves et al., 2007). Regarding a joint as either stable or unstable provides little insight 

into joint adaptations during movement. Muscles (and other connective tissues) play a 

very important role in overall joint stability and thus, several approaches have been 

developed to better understand individual muscle contributions to joint stability (Potvin 

& Brown, 2005). Joint stiffness has been found to be closely linked to co-contraction (De 

Serres & Milner, 1991; Holmes et al., 2015). Where co-contraction uses EMG activity, 

one stiffness approach, joint rotational stiffness (JRS), utilizes muscle architecture to 

determine individual and cumulative muscle contributions (Holmes & Keir, 2014; 

Holmes et al., 2015; Potvin & Brown, 2005): 

𝐽𝐽𝐽𝐽𝐽𝐽(𝑚𝑚)𝑧𝑧 = 𝐹𝐹 �
𝐴𝐴𝑥𝑥𝐵𝐵𝑥𝑥 + 𝐴𝐴𝑦𝑦𝐵𝐵𝑦𝑦 − 𝑟𝑟𝑧𝑧2

𝑙𝑙
+
𝑞𝑞𝑟𝑟𝑧𝑧2

𝐿𝐿
� 

The JRS contribution is calculated for each individual muscle (m) about a single axis (e.g. 

flexion and extension), where F is the calculated muscle force, l is the length of muscle 

which crosses the wrist joint, L is the length of the entire muscle, r is the moment arm of 

the muscle, Ax and Ay are the coordinates of the muscle origin, Bx and By are coordinates 

of the muscle insertion or node, and q is a constant which relates muscle force and length 

to stiffness (Holmes & Keir, 2014; Holmes et al., 2015; Potvin & Brown, 2005). 

Individual muscle contributions can be summed to provide a total joint rotational stiffness 
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(JRST) to which each muscle can then be normalized (as %JRST) (Holmes & Keir, 2014; 

Holmes et al., 2015; Potvin & Brown, 2005). 

 

2.4 Perturbations 

Perturbations involve deviation from an object’s normal path, caused by an 

external stimulus. Perturbations are an important topic of research as instability and 

unexpected forces are common in everyday life and can have a significant impact on 

injury risk and quality of life. Research into the effects of perturbations has been 

performed in a variety of ways on numerous joints. A large body of work exists on the 

effects of perturbations and instability at the elbow (Holmes & Keir, 2012, 2014; Koike 

& Yamada, 2007; Krutky, Ravichandran, Trumbower, & Perreault, 2010; Kurtzer, 

Pruszynski, & Scott, 2010; Lewis, MacKinnon, Trumbower, & Perreault, 2010; 

Soechting & Lacquaniti, 1989) and shoulder (Day, Taylor, & Green, 2012; Lacquaniti & 

Soechting, 1986; Scott, 1999; Soechting, 1988; Soechting & Lacquaniti, 1989), joints, as 

well as some work at the wrist (De Serres & Milner, 1991; Holmes et al., 2015; Milner, 

2002) joint. Perturbations of the upper limb have been previously explored primarily with 

the use of external loads or stimuli, typically at the elbow joint. Perturbations at the elbow 

with known timing lead to an increase in muscle activity, indicating an anticipatory 

muscular response to stiffen the joint and protect it from injury (Holmes & Keir, 2012). 

The neuromuscular system is able to selectively increase joint stiffness and stability by 

increasing muscular co-contraction (De Serres & Milner, 1991). However, pre-emptively 

increasing joint stiffness is energy inefficient as muscles may be activated long before 

joint stiffness is required. Additionally, a key limitation of co-contraction is that 
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simultaneous contraction of agonist/antagonist pairs does not produce any useful work 

output from the muscles, yet these muscles are consuming metabolic energy when 

activated (Hogan, 1984). To minimize musculoskeletal (MSK) injury risk, an upper limit 

of 1-5% of maximum voluntary excitation (MVE) has been proposed for individuals 

performing continuous work throughout the day depending on the type of loading (Aarås 

& Westgaard, 1987; Jonsson, 1978). This is problematic as for some individuals, the 

simple task of holding a tool may result in muscle activity greater than these specified 

guidelines (Mogk & Keir, 2003). This prevents the muscle from achieving adequate rest 

periods during duty cycles and can contribute to muscular damage over time (Mogk & 

Keir, 2003). A reflex response may be a more efficient alternative to anticipatory co-

contraction and joint stiffening. The importance of the spring-like properties of the reflex 

response was first identified by Feldman in 1966. However, the neuromuscular delay 

involved with a reflex response can cause joint instability and musculoskeletal injury 

(Jacks et al., 1988). A combination of anticipatory and reflex responses from the 

muscular system appears to optimize joint stiffness and maintain joint safety while 

minimizing metabolic cost (Holmes & Keir, 2012). Manipulation of any object involves 

some degree of mechanical interaction (Hogan, 1984). It is postulated that the central 

nervous system (CNS) utilizes mechanical impedance to dictate reaction forces in the 

hand in response to perturbations from the object being manipulated (Hogan, 1984). The 

magnitude and pattern of muscle activation and co-contraction varies based on the nature 

of the instability being encountered (Milner, 2002). Flexors and extensors remained 

elevated with respect to premovement levels, even 1,000 ms after the movement had 

stopped. This suggests a need for co-contraction of agonist and antagonist muscles to 
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stiffen the joint in order to achieve joint and limb stability at the final position even when 

no load is present (Milner, 2002). Previous research has also shown that accuracy is 

influenced by muscle co-contraction (Gribble, 2003). During a rapid pointing task, it was 

found that as the final target size decreased, the level of co-contraction at the elbow and 

shoulder increased (Gribble, 2003). This suggests that the central nervous system may 

use co-contraction to modify or facilitate the accuracy of an individual’s movements. 

Additionally, if an individual requires a high degree of accuracy for a task, they are less 

likely to be affected by perturbations as their joints will have increased stability due to 

co-contraction. Holmes & Keir (2012) investigated joint stiffness and stability during 

forearm perturbations with various postures and types of loads. Holmes & Keir found that 

working with a fluid load led to increases in the co-contraction indices of the elbow and 

forearm when compared to no load and solid load trials. Stabilizing dynamic, fluid loads 

challenge the neuromuscular system, leading to increased muscular activity and joint 

stiffness. Greatest activity was found during standing trials while holding a fluid load, 

indicating that trunk posture may have an impact on muscular demands and lead to 

increased joint stiffness. It was found that perturbations with known timing resulted in 

greater activity prior to the perturbation while perturbations with unknown timing lead to 

high reflex responses following the perturbation. Subsequent perturbation work at the 

wrist joint however, found that baseline co-contraction indices were greater for unknown 

rather than unknown timing (Holmes et al., 2015). Furthermore, EMG is significantly 

higher if participants are better able to predict the timing of a perturbation (shorter pre-

perturbation warning times) (Forgaard, Franks, Maslovat, & Chua, 2016). 
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2.5 Stretch Reflex/Response 

 When a muscle is perturbed and quickly stretched, it undergoes a sequence of 

muscle activity known as a reflex reaction or stretch reflex. The stretch reflex is a 

monosynaptic reflex in which a muscle contracts in response to stretch. The stretch reflex 

involves a rapid muscle stretch, this change in muscle length is subsequently detected by 

indwelling stretch receptors (muscle spindles). This stretch causes an action potential to 

travel to the spinal cord via Ia sensory neurons. At the spinal cord, the sensory neuron 

synapses onto a gamma motor neuron and sends an excitatory signal to the muscle being 

stretched, this results in a muscle contraction of the stretched muscle. At the same time, 

an inhibitory signal is sent to the antagonist muscle, this causes the antagonist to relax, 

allowing the agonist to more effectively relieve the muscle stretch. The stretch response 

is composed of two main reflexes. First, a short latency stretch reflex (SLR) which occurs 

20-50 ms post-perturbation and is produced by a monosynaptic spinal reflex pathway 

(Forgaard et al., 2016; Pruszynski & Scott, 2012). Following the SLR is a long-latency 

stretch reflex (LLR) which occurs 50-100 ms post-perturbation, this response involves 

the primary sensory and motor cortices (Forgaard et al., 2016; Pruszynski & Scott, 2012). 

The LLR is a highly debated research topic as it possesses characteristics of both reflex 

responses and voluntary control, indicating that the LLR is closely linked to voluntary 

control (Scott, 2004). Both LLRs and SLRs produced by a torque motor have been shown 

to recruit FCR in the same size related order as voluntary muscle activation (Calancie & 

Bawa, 1985). For ECR, recruitment caused by tendon taps and tonic vibration reflex 

occurs in the same order as for voluntary recruitment (Schmied, Morin, Vedel, & Pagni, 

1997). Perturbations at the elbow using a pneumatic arm have been shown to yield reflex 
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responses (Holmes & Keir, 2012). Reflex responses can act to provide stability to joints 

encountering unexpected external forces (Holmes & Keir, 2012). Reflex responses, as 

well as co-contraction, appear to increase when compensating for changes in load 

dynamics (Akazawa, Milner, & Stein, 1983). However, the magnitude of a reflex 

response is dependent on agonist and antagonist loading prior to receiving a perturbation. 

The stretch reflex in the biceps brachii during co-contraction is significantly smaller than 

the reflex during isolated biceps activation (Lewis et al., 2010). Conversely, elbow and 

shoulder flexors have been shown to increase SLRs as pre-load activity increases (Smeets 

& Erkelens, 1991). This indicates that the SLR does not function to counteract 

perturbations, but rather to correct for misjudgments in perturbation magnitude (Smeets 

& Erkelens, 1991). The LLR however has been shown to resemble voluntary activation 

patterns used to resist the impact of perturbations (Gielen, Ramaekers, & van Zuylen, 

1988). Reflex responses caused by perturbations have been researched using static 

loading or dynamic loads. However, the presence and effects of reflex responses during 

dynamic movement at the wrist has not been well explored. 

 

2.6 Wrist/Forearm Robotics 

Researchers have been investigating the use of robotics for rehabilitation purposes 

for more than two decades (Aisen, Krebs, Hogan, McDowell, & Volpe, 1997; Cappello et 

al., 2015; Cuppone, Squeri, Semprini, & Konczak, 2015; Krebs et al., 2007; Krebs, 

Volpe, Aisen, & Hogan, 2000; Marini, Contu, Hughes, Morasso, & Masia, 2016). Robot-

aided rehabilitation has focused largely on assisting stroke patients regain upper limb 

function (Aisen et al., 1997; Casadio, Giannoni, Morasso, & Sanguineti, 2009; Krebs et 
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al., 2000, 2007; Masia, Casadio, Giannoni, Sandini, & Morasso, 2009). More recently, 

wrist/forearm robots have been used to assess proprioceptive capabilities (Cappello et al., 

2015; Cuppone et al., 2015; Marini et al., 2016) and can be used to assess neuromuscular 

function, fatigue, and accuracy/performance. These robotic devices are well suited for 

rehab and assessment purposes as the three degrees of freedom movement and torque 

motors allow a high degree of control for both researchers and patients. Additionally, this 

control makes these devices optimal for investigation into forearm function as it allows 

researchers to minimize variability between participants and allows for normalization of 

numerous experimental variables. 

 

2.6.1 WristBot 

 The WristBot (Figure 3) is a custom-built robotic exoskeleton created by the 

Italian Institute of Technology (IIT). The WristBot moves with 3 degrees of freedom and 

allows for a wide range of motion: Flexion/Extension = ±70o; Radial/Ulnar Deviation = ± 

35o; Pronation/Supination = ± 40o (Masia, Casadio, Sandini, & Morasso, 2009). 

Additionally, the WristBot is outfitted with torque motors in each plain of movement, 

allowing forces to be applied with or against a participant’s movements. These motors 

also allow the researcher to increase stiffness to essentially lock certain degrees of 

freedom to isolate for a single degree of freedom (e.g. only flexion and extension 

movement) (Masia et al., 2009). The WristBot is integrated with tracking software which 

allows for a target cursor to be displayed for participants to follow. Target and participant 

location are recorded by the WristBot to provide accurate kinematic data. This allows for 
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the assessment of participant accuracy as well as changes in performance across 

experimental trials.   

 

 

 

 

 

 

 

 

Figure 3: IIT WristBot, participants grip the handle which can be manipulated in three degrees of 
freedom. 
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3.0 Study 

3.1 Methods 

3.1.1 Participants 

 Twelve male participants (Age: 24 ± 2 years; Height: 177 ± 8 cm; Weight: 83 ± 

15 kg) were recruited for this study. This sample size was calculated using a large effect 

size of d = 0.8, an α value of 0.05, and a desired statistical power of 0.8. Participants were 

excluded from participating if they had any upper limb or neurological injuries, or if their 

upper limb had any reduced mobility as a result of injury. This study was approved by the 

Brock University Research Ethics Board (REB# 16-262). Participants first read an 

informed consent; once all their questions and concerns had been addressed, the 

participants signed the informed consent. Additionally, participants had the choice to sign 

a consent to have photographs and video taken. 

 

3.1.2 Experimental Setup 

Participants were familiarized with the robotic device used for the experiment 

(WristBot, Genoa, Italy) (Figure 4). The WristBot moves with 3 degrees of freedom and 

allows for a wide range of motion: Flexion/Extension = ±70o; Radial/Ulnar Deviation = ± 

35o; Pronation/Supination = ± 40o (Masia, Casadio, Sandini, et al., 2009). 
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Figure 4: Equipment setup: WristBot (right), system interface (middle), and tracking monitor (left) 
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By manipulating the handle of the WristBot, participants were asked to trace a 

cursor on a computer monitor for two trials, totaling 30 repetitions, to become familiar 

with the device. Both trials involved a flexion/extension motion. Participants completed 

one trial which involved 15 radial perturbations occurring during flexion, followed by a 

similar trial of 15 ulnar perturbations occurring during extension. This allowed 

participants to become familiar with the magnitude and timing of the perturbations they 

would receive during the experimental trials. The purpose of this was to normalize the 

participant’s reaction to the perturbations during data collection and minimize extreme 

reactions to receiving a perturbation. It also allowed for participants to acclimate to the 

robotic device and the on-screen tracking as the WristBot is a novel piece of equipment.   

Once participants completed the familiarization trials, they were prepared for 

muscle activity collection. Skin was prepared by shaving over muscle bellies to remove 

hair and dead skin cells followed by sanitization using alcohol swabs. Surface 

electromyography (EMG) electrodes (MediTrace 130, Kendall, Mansfield, MA, USA) 

were placed over the muscle bellies of eight muscles on the participant’s dominant upper 

extremity. Muscles included: flexor carpi radialis (FCR), flexor carpi ulnaris (FCU), 

flexor digitorum superficialis (FDS), extensor carpi radialis (ECR), extensor carpi ulnaris 

(ECU), and extensor digitorum communis (EDC), brachioradialis (BR), and biceps 

brachii (BB) (Figure 5). Electrode placements followed guidelines outlined by Perotto 

(1994), electrodes were placed in line with muscle fiber orientation and had an inter-

electrode distance of 2.5 cm. EMG signals were band-pass filtered (10–1000 Hz) and 

differentially amplified (CMRR > 115 dB at 60 Hz; input impedance, ~10GV; AMT-8, 

Bortec Biomedical Ltd, Calgary, AB, Canada). Following electrode placement, signal 
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quality and gain was reviewed and adjusted using a custom-made digital oscilloscope 

(LabView 2016, National Instruments, Austin, TX, USA). 
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Figure 5: Electrode placements of all forearm muscles. Left, wrist extensor muscles (ECR, EDC, ECU); Right, wrist flexor muscles 
(FCR, FDS, FCU) 
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Participants then performed a maximum grip trial which was used to assess 

muscular fatigue following the experimental protocol (MIE Medical Research Ltd, Leeds, 

UK; mass = 450g). EMG and grip force data were sampled at 2000Hz (USB-6229 BNC, 

National Instruments). Following the maximum grip trial, participants performed eight, 

muscle specific maximum voluntary contractions (MVCs) to obtain maximum voluntary 

excitation (MVE). The researcher manually resisted the participant during MVC trials. 

FCR was determined by performing isometric wrist flexion, FDS was determined by 

performing both maximum grip and resisted isometric wrist flexion, and FCU was 

determined by performing isometric wrist flexion and ulnar deviation simultaneously. 

ECR was determined by performing isolated wrist extension, EDC was determined by 

extending both the fingers and the wrist, and ECU was determined by performing both 

isometric wrist extension and ulnar deviation. BR was determined by performing 

isometric elbow flexion with a neutral wrist/forearm posture and BB was determined by 

performing isometric elbow flexion with a supinated forearm.  MVE data was used to 

later normalize the muscle activity from experimental trials.  

Next, participants were seated next to the WristBot with their dominant arm 

placed on the armrest (Figure 6) with the upper arm positioned in the scapular plane. 

Participants then had their anatomically neutral position marked on the robot to normalize 

their starting position for each trial. Participant’s shoulder and elbow positions were not 

normalized; however, elbow flexion, shoulder abduction, and shoulder flexion angles 

were measured and recorded using a goniometer (elbow flexion: 137 ± 7°; shoulder 

abduction: 35 ± 7°; shoulder flexion: 25 ± 5°). EMG and the WristBot were synchronized 

with a digital trigger sent from the WristBot to trigger EMG and force collection (USB-
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6229 BNC, National Instruments). During experimental trials, the WristBot collected the 

participant’s positional data in three axes (flexion/extension, radial/ulnar deviation, and 

pronation/supination) (Figure 7). Kinematic data was sampled at 100Hz. This provides 

insight into how accurately participants follow the target as well as any proprioceptive 

affects the perturbations may have on the participant.

Figure 6: Participant correctly positioned in Wristbot.  
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Figure 7: Example of tracing task on computer monitor (left) and kinematic data (flexion/extension) collected by the WristBot (right) 



34 
 

3.1.3 Experimental Trials 

 Participants performed eight experimental trials in a fully randomized order. Trial 

variables included: 1) Timing - known and unknown perturbation timing, 2) Phase - 

perturbations delivered while moving into flexion or extension, and 3) Direction - 

perturbations delivered in either the radial or ulnar direction (outlined in Table 1). 

Participants were required to follow an onscreen cursor for 17 repetitions; moving 

through a range of motion of 40o of flexion and 40o of extension at a tempo of 0.25 Hz. 

The WristBot compensated for gravity and handle mass, but no resistance or assistance 

occurred during the flexion/extension movement. During the repetitions, three 

perturbations were delivered at wrist angles ±25° from neutral and perturbations varied 

based on the specified trial parameters (Figure 8). Perturbations involved the WristBot 

delivering a 1.54 Nm torque over 200 ms causing radial or ulnar deviation of the wrist. 

For known perturbation timing, perturbations were delivered on the 5th, 10th, and 15th 

repetitions. During these trials, a researcher counted the number of repetitions for the 

participant to allow participants to focus solely on tracking the onscreen cursor. For trials 

with unknown perturbation timing, participants were told what phase of the repetition 

(flexion or extension) and what direction (radial or ulnar) the perturbations would occur. 

However, participants were unaware of what repetitions the three perturbations would 

occur. This was to provide participants with equal knowledge and eliminate any variance 

in pattern recognition between participants. All participants were instructed to trace the 

onscreen cursor as closely as possible, to resist the perturbation to the best of their ability, 

and to quickly return to the cursor pathway. Participants received two minutes of rest 

time between each trial to prevent any influence of muscular fatigue.  
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Following the eighth and final experimental trail, participants received two 

minutes of rest followed by a maximum grip trial. This was used to determine if 

participants had fatigued during the study. If grip force significantly decreased, EMG 

amplitude increased, or if EMG frequency had decreased, fatigue may have affected the 

participant’s performance (Viitasalo & Komi, 1977). 

Table 1: Experimental trial conditions 

Timing Known Timing Unknown Timing 
Wrist motion Flexion Extension Flexion Extension 
Perturbation 

Direction Radial Ulnar Radial Ulnar Radial Ulnar Radial Ulnar 

 

3.2 Data Analysis 

Muscle activity (sample data shown in Figure 9) from all eight muscles were full-

wave rectified and root mean squared. Mean muscle activity was examined during four 

time periods (Figure 9): Pre-100 (200-100 ms pre-perturbation), Pre-15 (15-0 ms pre-

perturbation), short-latency reflex (SLR; 20-50 ms post-perturbation), and long-latency 

Figure 8: Schematic of experimental trials. Participants move through ±40° of flexion and extension for 
each repetition. Perturbations were delivered as participants begin to flex or extend the wrist. 
Perturbations either caused radial or ulnar deviation. All perturbations occurred 25° from neutral. 
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reflex (LLR; 50-100 ms post-perturbation) (Forgaard et al., 2016; Holmes & Keir, 2014; 

Holmes et al., 2015; Pruszynski & Scott, 2012). 

 Co-contraction ratios (CCR) were calculated for antagonistic muscle pairs (FCR-

ECR, FDS-EDC, and FCU-ECU) for each phase. CCRs were calculated using an 

antagonist/agonist ratio for each perturbation phase (e.g. Perturbations during flexion: 

CCR = ECR/FCR; Perturbations during extension: CCR = FCR/ECR). 

Using the robot’s kinematic data, participant tracking performance was assessed 

across all experimental conditions (Figure 10). Maximum angular displacement and time 

to maximum displacement were measured from perturbation onset to peak displacement. 

Overcorrection was measured from maximum negative displacement (opposite direction 

of perturbation) to return to target path. Finally, total perturbation time was measured 

from perturbation onset to return to target path. 
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Figure 9: Sample EMG data of six wrist movers. Outline of time periods used for EMG analysis. Pre-100: 100-200ms prior to perturbation; Pre-15: 
15ms prior to perturbation; Short-Latency Reflex (SLR): 20-50ms following perturbation; Long-Latency Reflex (LLR): 50-100ms following 
perturbation 
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Figure 10: Sample kinematic tracking data for one perturbation. Coloured arrows indicate kinematic measures.  
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3.3 Statistical Analysis 

Mean muscle activity and co-contraction were accessed using a 2 (Knowledge of 

timing) x 2 (Phase of repetition) x 2 (Direction of perturbation) x 4 (Time period) 

repeated measures ANOVA to evaluate the effects of the independent variables during 

the Pre-100 (200-100 ms pre-perturbation), Pre-15 (15-0 ms pre-perturbation), SLR (20-

50 ms post-perturbation), and LLR (50-100 ms post-perturbation) time periods.  

Kinematic accuracy and angular displacement of the wrist, tracked by the 

WristBot, was used to measure the impact of the perturbations as well as to determine 

how participants prioritized returning to the onscreen cursor following a perturbation. A 2 

(Knowledge of timing) x 2 (Phase of repetition) x 2 (Direction of perturbation) repeated 

measures ANOVA was performed to evaluate the effects of the independent variables on 

the maximum angular displacement at the wrist joint, time to reach maximum angular 

displacement, magnitude of overcorrection when returning to the target path, and total 

time to return to the target path following a perturbation. 

Three-way interactions were explored by performing repeated measures 

ANOVAs at each level of the independent variables (e.g. phase x time interaction at each 

level of knowledge). All two-way interactions were investigated using pairwise 

comparisons. Pairwise comparisons were performed using a Bonferroni correction. All 

results are expressed as Mean ± SD, error bars in figures represent standard error (SE), 

significance was set at p < 0.05. 
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3.4 Results 

Summary of muscle activity p-values can be found in tables 2 and 3. Effect sizes for 

muscle activity statistics using partial eta squared (ηp
2) can be found in tables 4 and 5. 

 

3.4.1 Maximum Grip 

 Maximal grip strength did not differ significantly before and after the 

experimental trials (Pre: 519 ± 106 N; Post: 513 ± 96 N).  
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Table 2: Significant main effects for muscle activity 

Note: * = statistically significant, p < 0.05 
Note: D = direction; K = knowledge; P = phase; T = time 

Table 3: Significant interactions for muscle activity 

Note: * = statistically significant, p < 0.05 
 

 
Main Effect P-values 

Muscle Direction Knowledge Phase Time 
FCR 0.324 0.038* 0.001* 0.014* 
FDS 0.068 0.089 0.001* 0.012* 
FCU 0.121 0.808 0.021* 0.031* 
ECR 0.000* 0.151 0.138 0.002* 
EDC 0.035* 0.163 0.016* 0.048* 
ECU 0.170 0.282 0.011* 0.009* 
BR 0.000* 0.045* 0.328 0.017* 
BB 0.012* 0.134 0.008* 0.014* 

 
 
 
 
 

Interaction P-values 
Muscle D*K D*P K*P D*K*P D*T K*T D*K*T P*T D*P*T K*P*T D*K*P*T 

FCR 0.451 0.85 0.261 0.407 0.108 0.159 0.275 0.971 0.429 0.209 0.311 
FDS 0.595 0.553 0.639 0.942 0.360 0.043* 0.611 0.781 0.310 0.352 0.122 
FCU 0.755 0.603 0.386 0.988 0.616 0.031* 0.785 0.528 0.527 0.276 0.956 
ECR 0.255 0.350 0.192 0.432 0.002* 0.109 0.238 0.212 0.824 0.019* 0.452 
EDC 0.646 0.180 0.133 0.312 0.171 0.052 0.644 0.575 0.066 0.237 0.519 
ECU 0.449 0.647 0.884 0.216 0.078 0.007* 0.088 0.237 0.662 0.200 0.723 
BR 0.628 0.447 0.167 0.324 0.010* 0.296 0.529 0.137 0.037* 0.044* 0.880 
BB 0.913 0.117 0.364 0.042* 0.220 0.236 0.151 0.417 0.493 0.544 0.363 
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Table 5: Effect sizes for all EMG interactions 

Table 4: Effect sizes for all EMG main effects 

Note: D = direction; K = knowledge; P = phase; T = time 

 
Effect Sizes (Main Effects) 

Muscle Direction Knowledge Phase Time 
FCR 0.088 0.335 0.620 0.678 
FDS 0.271 0.240 0.679 0.685 
FCU 0.204 0.006 0.396 0.609 
ECR 0.799 0.178 0.188 0.782 
EDC 0.343 0.169 0.421 0.567 
ECU 0.164 0.104 0.460 0.704 
BR 0.721 0.318 0.087 0.662 
BB 0.454 0.192 0.489 0.677 

 
 
 
 
 
 

Effect Sizes (Interactions) 
Muscle D*K D*P K*P D*K*P D*T K*T D*K*T P*T D*P*T K*P*T D*K*P*T 

FCR 0.053 0.003 0.113 0.063 0.474 0.422 0.366 0.025 0.253 0.381 0.315 
FDS 0.026 0.033 0.021 0.001 0.288 0.577 0.175 0.108 0.315 0.292 0.458 
FCU 0.009 0.025 0.069 0.000 0.173 0.610 0.107 0.209 0.209 0.335 0.033 
ECR 0.116 0.080 0.149 0.057 0.791 0.473 0.360 0.379 0.091 0.653 0.243 
EDC 0.020 0.157 0.193 0.093 0.411 0.558 0.162 0.189 0.533 0.361 0.213 
ECU 0.053 0.020 0.002 0.135 0.514 0.724 0.500 0.361 0.154 0.388 0.131 
BR 0.022 0.054 0.166 0.088 0.696 0.323 0.209 0.443 0.593 0.577 0.069 
BB 0.001 0.209 0.075 0.326 0.373 0.362 0.430 0.259 0.224 0.202 0.286 
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4.2 Muscle Activity  

Figures 11-13 represent forearm muscle activity across various conditions. 

FCR 

There were significant main effects of knowledge, phase, and time (p < 0.05). 

FCR activity was significantly greater during perturbations with known timing compared 

to those with unknown timing (Known: 4.80 ± 1.94 % MVE; Unknown: 3.85 ± 1.66 % 

MVE, p < 0.05). Perturbations during flexion yielded significantly greater FCR activity 

than those delivered during extension (Flexion: 4.82 ± 1.73 % MVE; Extension: 3.83 ± 

1.70 % MVE, p < 0.05). Pairwise comparisons revealed no significant time differences. 

 

FDS 

There was a significant knowledge x time interaction (p < 0.05). FDS activity was 

significantly greater during the Pre-100, Pre-15, and SLR time periods for known 

perturbations than during the pre-100 time period for unknown perturbations (Known 

Pre-100: 17.58 ± 6.82 % MVE; Known Pre-15: 17.98 ± 6.37 % MVE; Known SLR: 

16.68 ± 5.58 % MVE; Unknown Pre-100: 11.89 ± 5.89 % MVE, p < 0.05). 

There was a significant main effect of phase (p < 0.05). FDS activity was 

significantly greater when perturbations were received during flexion compared to 

extension (Flexion: 16.95 ± 9.46 % MVE; Extension: 14.27 ± 8.49 % MVE, p < 0.05). 
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FCU 

There was a significant knowledge x time interaction (p < 0.05). FCU activity was 

significantly less for the pre-100 time period for perturbations with unknown timing 

compared all time periods for perturbations with known timing (Unknown pre-100: 16.36 

± 5.85 % MVE; Known pre-100: 23.93 ± 6.17 % MVE; Known pre-15: 24.87 ± 5.79 % 

MVE; Known SLR: 22.56 ± 5.33 % MVE; Known LLR: 21.21 ± 1.47 % MVE, p < 

0.05). 

There was a significant main effect of phase (p < 0.05). Perturbations delivered 

during flexion produced significantly greater FCU activity compared to those delivered 

during extension (Flexion: 24.47 ± 10.77 % MVE; Extension: 21.30 ± 8.49 % MVE, p < 

0.05) 

 

ECR 

There was a significant knowledge x phase x time interaction (p < 0.05). To 

investigate this interaction, four repeated measures ANOVAs were performed to 

determine the effects of knowledge and phase at each level of time (pre-100, pre-15, 

SLR, and LLR). A knowledge x phase interaction was found for the LLR time period (p 

< 0.05). Upon further investigation of pairwise comparisons using a Bonferroni 

correction, no significant differences were found. A main effect of knowledge was found 

during the pre-100 time period. Known perturbation timing produced significantly greater 

ECR activity than unknown perturbation timing (Known: 22.24 ± 9.70 % MVE; 
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Unknown: 15.72 ± 8.76 % MVE, p < 0.05). Two repeated measures ANOVAs were then 

performed to evaluate the effects of phase and time at each level of knowledge. Phase x 

time interactions were found for both known and unknown perturbation timing (p < 

0.05). Following pairwise comparisons using a Bonferroni correction, no significant 

differences were found. A main effect of time was found for known perturbation timing 

(p < 0.05). Significantly greater ECR activity was produced during the pre-15 and SLR 

time periods compared to the LLR time period (Pre-15: 23.13 ± 9.70 % MVE; SLR: 

21.90 ± 8.66 % MVE; LLR: 20.19 ± 7.72 % MVE, p < 0.05).  A main effect of phase was 

also found for unknown perturbation timing (p < 0.05). Perturbations during extension 

produced significantly greater ECR activity than perturbations during flexion (Extension: 

19.40 ± 7.34 % MVE; Flexion: 15.53 ± 6.51 % MVE, p < 0.05). 

There was a significant direction x time interaction (p < 0.05). ECR activity was 

significantly lower for the pre-100 time period during radial perturbations than all other 

time periods for both radial and ulnar perturbations (Radial pre-100: 10.55 ± 3.74 % 

MVE; Radial pre-15: 15.15 ± 4.57 % MVE; Radial SLR: 16.22 ± 4.64 % MVE; Radial 

LLR: 16.75 ± 4.61 % MVE; Ulnar pre-100: 27.40 ± 7.31 % MVE; Ulnar pre-15: 26.53 ± 

6.62 % MVE; Ulnar SLR: 23.18 ± 6.55 % MVE; Ulnar LLR: 21.52 ± 6.06 % MVE, p < 

0.05). ECR activity was significantly lower for the pre-15, SLR, and LLR time periods 

during radial perturbations than all time periods during ulnar perturbations (Radial pre-

15: 15.15 ± 4.57 % MVE; Radial SLR: 16.22 ± 4.64 % MVE; Radial LLR: 16.75 ± 4.61 

% MVE; Ulnar pre-100: 27.40 ± 7.31 % MVE; Ulnar pre-15: 26.53 ± 6.62 % MVE; 

Ulnar SLR: 23.18 ± 6.55 % MVE; Ulnar LLR: 21.52 ± 6.06 % MVE, p < 0.05). Finally, 

ECR activity was significantly greater during the pre-15 time period for ulnar 
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perturbations compared to the SLR and LLR time periods during ulnar perturbations 

(Ulnar pre-15: 26.53 ± 6.62 % MVE; Ulnar SLR: 23.18 ± 6.55 % MVE; Ulnar LLR: 

21.52 ± 6.06 % MVE, p < 0.05). 

 

EDC 

There were significant main effects of direction, phase, and time (p < 0.05). Ulnar 

perturbations produced significantly greater EDC activity than radial perturbations 

(Ulnar: 25.81 ± 14.41 % MVE; Radial: 19.41 ± 9.01 % MVE, p < 0.05). Perturbations 

delivered during extension produced significantly greater EDC activity than those 

delivered during flexion (Extension: 24.62 ± 10.84 % MVE; Flexion: 20.59 ± 11.88 % 

MVE, p < 0.05). Upon further investigation using a Bonferroni correction, no significant 

time differences were found.  

 

ECU 

There was a significant knowledge x time interaction (p < 0.05). ECU activity 

was significantly lower during the pre-100 time period for perturbations with unknown 

timing than all other time periods for both known and unknown perturbation timing 

(Unknown pre-100: 20.54 ± 5.92 % MVE; Unknown pre-15: 27.77 ± 7.34 % MVE; 

Unknown SLR: 27.77 ± 6.13 % MVE; Unknown LLR: 27.80 ± 6.10 % MVE; Known 

pre-100: 28.08 ± 5.85 % MVE; Known pre-15: 29.33 ± 5.13: Known SLR: 28.26 ± 4.61 

% MVE; Known LLR: 27.69 ± 4.68, p < 0.05). 
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There was a significant main effect for phase (p < 0.05). Perturbations delivered 

during extension produced significantly greater ECU activity than those delivered during 

flexion (Extension: 29.50 ± 7.27 % MVE; Flexion: 24.76 ± 6.37 % MVE, p < 0.05) 

 

BR 

There was a significant knowledge x phase x time interaction (p < 0.05). To 

investigate this interaction, four repeated measures ANOVAs were performed to 

determine the effects of knowledge and phase at each level of time (pre-100, p-15, SLR, 

and LLR). A main effect of knowledge was found for both the pre-100 and pre-15 time 

periods (p < 0.05). In both time periods, known perturbation timing produced 

significantly greater BR activity than unknown perturbation timing (Pre-100 Known: 

7.89 ± 3.43 % MVE; Pre-100 Unknown: 5.31 ± 2.88 % MVE; Pre-15 Known: 8.93 ± 

3.43 % MVE; Pre-15 Unknown: 7.08 ± 2.91 % MVE, p < 0.05). Two repeated measures 

ANOVAs were then performed to evaluate the effects of phase and time at each level of 

knowledge. A significant phase x time interaction was found for perturbations with 

unknown timing (p < 0.05). Pairwise comparisons using a Bonferroni correction revealed 

no significant differences. A main effect of time was found for both known and unknown 

perturbation timing (p < 0.05). For known perturbations, significantly greater BR activity 

was produced during the pre-15 time period compared to the LLR time period (Pre-15: 

8.93 ± 3.43 % MVE; LLR: 8.09 ± 3.33 % MVE, p < 0.05). For unknown perturbations, 

significantly greater BR activity was produced during the pre-15 time period than the pre-

100 time period (Pre-15: 7.08 ± 2.91 % MVE; Pre-100: 5.31 ± 2.88 % MVE, p < 0.05). 
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There was also a direction x phase x time interaction (p < 0.05). To investigate 

this interaction, four repeated measures ANOVAs were performed to determine the 

effects of direction and phase at each level of time (pre-100, p-15, SLR, and LLR). There 

was a main effect of direction for all four time periods (p < 0.05). For all time points, 

ulnar perturbations produced significantly greater BR activity than radial perturbations 

(Pre-100 Ulnar: 8.32 ± 3.74 % MVE; Pre-100 Radial: 4.88 ± 2.15 % MVE; Pre-15 Ulnar: 

9.44 ± 3.46 % MVE; Pre-15 Radial: 6.56 ± 2.63 % MVE; SLR Ulnar: 8.78 ± 3.33 % 

MVE; SLR Radial: 6.86 ± 2.74 % MVE; LLR Ulnar: 8.31 ± 3.50 % MVE; LLR Radial: 

6.88 ± 2.70 % MVE, p < 0.05). Two repeated measures ANOVAs were then performed 

to evaluate the effects of phase and time at each level of direction. A significant phase x 

time interaction was found for ulnar perturbations, however, pairwise comparisons using 

a Bonferroni correction revealed no significant differences. There was a main effect of 

time both radial and ulnar perturbations (p < 0.05). For radial perturbations, significantly 

less BR activity was produced during the pre-100 time period than all other time period 

(Pre-100: 4.88 ± 2.15 % MVE; Pre-15: 6.561 ± 2.63 % MVE; SLR: 6.86 ± 2.74 % MVE; 

LLR: 6.88 ± 2.70 % MVE, p < 0.05). For ulnar perturbations, significantly greater BR 

activity was produced during the pre-15 time period than the SLR and LLR time periods 

(Pre-15: 9.44 ± 3.46 % MVE; SLR: 8.78 ± 3.33 % MVE; LLR: 8.31 ± 3.50 % MVE, p < 

0.05). 

 

BB 

There was a significant direction x knowledge x phase interaction (p < 0.05). Two 

repeated measures ANOVAs were performed to determine the effects of direction and 
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knowledge at each level of phase. A significant direction x knowledge interaction was 

found for perturbations during extension (p < 0.05). Pairwise comparisons revealed ulnar 

perturbations with known timing resulted in significantly greater BB activity than ulnar 

perturbations with unknown timing as well as all radial perturbations (Ulnar Known: 2.15 

± 0.80 % MVE; Ulnar Unknown: 1.64 ± 0.45 % MVE; Radial Known: 1.39 ± 0.42 % 

MVE; Radial Unknown: 1.48 ± 0.76 % MVE, p < 0.05). Two repeated measures 

ANOVAs were then performed to evaluate the effects of knowledge and phase at each 

level of direction. A significant knowledge x phase interaction was found for radial 

perturbations (p < 0.05). Pairwise comparisons revealed perturbations during flexion with 

known timing produced significantly greater BB activity than perturbations during 

extension with known timing as well as perturbations with unknown timing during 

flexion and extension (Flexion Known: 2.38 ± 0.90 % MVE; Extension Known: 1.39 ± 

0.42 % MVE; Flexion Unknown: 1.56 ± 0.55 % MVE; Extension Unknown: 1.48 ± 0.76 

% MVE, p < 0.05). 

There was a significant main effect of time (p < 0.05). Upon further investigation 

using a Bonferroni correction, no significant time differences were found. 
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Figure 11: Muscle activity of all muscles during flexion and extension trials 
* denotes significant difference between flexion and extension trials 
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Figure 12: Muscle activity of all muscles for radial and ulnar perturbations 
* denotes significant difference between radial and ulnar perturbations 
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Figure 13: Muscle activity across eight muscles for perturbations with known (A) and unknown (B) 
timing. 
* denotes significant differences between all other time periods 
† denotes significant difference from LLR time period 
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4.3 Co-contraction Ratios 

FCR-ECR 

There was a significant direction x knowledge x phase interaction (p < 0.05). To 

investigate this interaction two repeated measures ANOVAs were performed to assess the 

effects of direction and knowledge on perturbations during flexion and extension. A 

significant direction x knowledge interaction was found for both flexion and extension (p 

< 0.05). For perturbations during flexion, pairwise comparisons revealed that ulnar 

perturbations produced significantly greater FCR-ECR co-contraction than radial 

perturbations for both known and unknown timing (Radial Known: 3.38 ± 2.28; Radial 

Unknown: 2.76 ± 1.95; Ulnar Known: 5.28 ± 3.13; Ulnar Unknown: 5.50 ± 3.24, p < 

0.05). For perturbations during extension, pairwise comparisons showed that radial 

perturbations produced significantly greater FCR-ECR co-contraction than ulnar 

perturbations for both known and unknown timing (Radial Known: 0.33 ± 0.26; Radial 

Unknown: 0.36 ± 0.22; Ulnar Known: 0.21 ± 0.18; Ulnar Unknown: 0.16 ± 0.12, p < 

0.05). Two repeated measures ANOVAs were then performed to investigate the effects of 

knowledge and phase for radial and ulnar perturbations (Figure 15). A main effect of 

phase was found for both radial and ulnar perturbations (p < 0.05). Pairwise comparisons 

revealed that perturbations during flexion produced significantly greater FCR-ECR co-

contraction than perturbations during extension (Radial Flexion: 3.07 ± 0.88; Radial 

Extension: 0.34 ± 0.11; Ulnar Flexion: 5.39 ± 1.49; Ulnar Extension: 0.18 ± 0.07, p < 

0.05). 

 There was a significant direction x phase x time interaction (p < 0.05). To assess 

this interaction, four repeated measures ANOVAs were performed to evaluate the effects 
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of direction and phase for each time period. Significant direction x phase interactions 

were found for the Pre-100 and Pre-15 time periods (p < 0.05). Pairwise comparisons 

revealed for both time periods, perturbations during flexion produced significantly greater 

FCR-ECR co-contraction than perturbations during extension. Additionally, ulnar 

perturbations produced significantly greater co-contraction during flexion, while radial 

perturbations produced significantly greater co-contraction during extension (Pre-100: 

Radial Flexion: 2.36 ± 0.35; Radial Extension: 0.42 ± 0.05; Ulnar Flexion: 6.37 ± 0.92; 

Ulnar Extension: 0.15 ± 0.3; Pre-15: Radial Flexion: 2.77 ± 0.37; Radial Extension: 0.37 

± 0.05; Ulnar Flexion: 5.91 ± 0.61; Ulnar Extension: 0.17 ± 0.02, p < 0.05). A significant 

main effect of phase was also found for the SLR and LLR time periods (p < 0.05). For 

both time periods, perturbations during flexion produced significantly greater FCR-ECR 

co-contraction than during extension (SLR: Flexion: 4.03 ± 0.40; Extension: 0.26 ± 0.04; 

LLR: Flexion: 4.01 ± 0.41; Extension: 0.24 ± 0.04, p < 0.05). 

 

FDS-EDC 

There was a significant direction x phase x time interaction (p < 0.05). To 

breakdown this interaction, two repeated measures ANOVAs were performed to assess 

the effects of phase and time on radial ulnar perturbations. There was a significant main 

effect of phase during ulnar perturbations (p < 0.05). Ulnar perturbations during flexion 

produced significantly greater FDS-EDC co-contraction than ulnar perturbations during 

extension (Flexion: 2.38 ± 0.54; Extension: 0.54 ± 0.07, p < 0.05). Four repeated 

measures ANOVAs were then performed to determine the effects of direction and phase 

during each time period. Significant direction x phase interactions were found for the Pre-
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100 and Pre-15 time periods (p < 0.05). Pairwise comparisons revealed no significant 

difference during the Pre-100 time period. For the Pre-15 time period, ulnar perturbations 

during extension produced significantly lower FDS-EDC co-contraction than ulnar 

perturbations during flexion and radial perturbations during extension (Ulnar Extension: 

0.52 ± 0.33; Ulnar Flexion: 2.44 ± 2.79; Radial Extension: 0.95 ± 0.76, p < 0.05). There 

was a significant main effect of phase found for the Pre-100, SLR, and LLR time periods 

(p < 0.05). For all time periods, perturbations during flexion produced greater FDS-EDC 

co-contraction than those during extension (Pre-100: Flexion: 1.97 ± 1.56; Extension: 

0.68 ± 0.31; SLR: Flexion: 1.82 ± 1.31; Extension: 0.71 ± 0.28; LLR: Flexion: 1.90 ± 

1.43; Extension: 0.67 ± 0.29, p < 0.05). Finally, a main effect of direction was found for 

the Pre-100 time period (p < 0.05). Ulnar perturbation produced significantly greater 

FDS-EDC co-contraction than radial perturbations (Ulnar: 1.78 ± 1.41; Radial: 0.87 ± 

0.21, p < 0.05). 

 

FCU-ECU 

There was a significant phase x time interaction for the FCU-ECU co-contraction 

ratio (p < 0.05). Perturbations during flexion produced significantly greater co-

contraction ratios than perturbations during extension across all time periods, with the 

exception of the Pre-100 time period during flexion. No differences were found between 

time periods within each phase (Flexion Pre-100: 1.39 ± 1.18; Flexion Pre-15: 1.32 ± 

0.91; Flexion SLR: 1.41 ± 1.01; Flexion LLR: 1.47 ± 0.99; Extension Pre-100: 0.75 ± 

0.40; Extension Pre-15: 0.78 ± 0.37; Extension SLR: 0.76 ± 0.36; Extension LLR: 0.73 ± 

0.35, p < 0.05).  
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Figure 14: Co-contraction ratios during flexion and extension trials. Flexion ratios calculated 
using extensors/flexors, extension trials calculated using flexors/extensors 
* denotes significant difference between flexion and extension trials 
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Figure 15: Co-contraction ratios for radial and ulnar perturbations during flexion (A) and 
extension (B) trials. Flexion ratios calculated using extensors/flexors, extension trials calculated 
using flexors/extensors  
* denotes significant difference between flexion and extension trials 
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4.4 Kinematics 

 There were significant main effects of perturbation knowledge and direction on 

maximum angular displacement (p < 0.05) (Figure 15). Perturbations with unknown 

timing produced significantly greater maximum angular displacement than perturbations 

with known timing (Unknown: 24.15 ± 5.40°; Known: 16.87 ± 3.22°, p < 0.05). Radial 

perturbations produced significantly greater maximum angular displacement than ulnar 

perturbations (Radial: 22.01 ± 4.75°; Ulnar: 19.02 ± 2.91°, p < 0.05) (Figure 15). 

There was a significant main effect of perturbation knowledge on time to 

maximum angular displacement (p < 0.05). Perturbations with unknown timing took 

significantly longer to reach maximum angular displacement than perturbations with 

known timing (Unknown: 199.00 ± 5.00ms; Known: 181.00 ± 5.00 ms, p < 0.05).   

No significant differences in overcorrection were found between trials. For all 

conditions, participants demonstrated an overcorrection of approximately 5° in the 

direction opposite the perturbing force. 
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3.5 Discussion 

 This study examined the motor control strategies used by the forearm musculature 

in response to sudden perturbations at the wrist joint. Our findings provide further 

evidence for the importance of the wrist extensor muscles in wrist joint stabilization 

during upper extremity motor tasks. This work also highlights the apparent task 

dependency of the wrist flexors. Previous work has demonstrated similar findings in 

isometric tasks, but this work provides insight into forearm muscle responses during 

dynamic tasks. Overall, the wrist flexors displayed increased activity while perturbed 

during flexion compared to extension. The wrist extensors maintained high levels of 

activation across all trials, with the greatest muscle activity when perturbed during 

Figure 16: Maximum angular displacement between experimental variables 
* denotes significant difference 
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extension. Co-contraction ratios provided similar results; all muscle pairs demonstrated 

greater co-contraction when perturbed during flexion. Additionally, investigation into the 

effects of perturbation knowledge found that when perturbations occurred with unknown 

timing, muscles produced less activity prior to the perturbation, this corresponded with a 

decrease in task performance. 

 

Influence of Movement Phase 

In the present study, the wrist flexors demonstrated a high level of task dependent 

muscle activity. All wrist flexors produced significantly greater activity when perturbed 

during flexion than extension (Figure 11). The extensors demonstrated a similar pattern, 

with all extensors producing greater activity when perturbed during extension. The task 

dependent nature of the wrist flexors becomes apparent when observing the co-

contraction ratios between antagonistic muscle pairs (Figure 14). All muscle pairings 

displayed significantly greater co-contraction during flexion trials. FCR-ECR muscle pair 

produced 1602% greater co-contraction during flexion trials than extension trials, with 

FDS-EDC and FCU-ECU muscle pairs producing 268% and 185% greater co-

contraction, respectively. This indicates that the wrist extensors were active at a higher 

percentage of maximum than the flexors, regardless of the phase of movement the 

participant was in when perturbed. The greatest disparity in flexor-extensor activity was 

seen in the FCR-ECR ratios (F: 4.23; E: 0.26), with closer relationships for the FDS-EDC 

pairing (F: 1.87; E: 0.70) and the FCU-ECU pairing (F: 1.40; E: 0.76). These findings are 

in line with previous distal upper extremity research. Muscle activity changes in a variety 

of wrist/forearm postures with varying grip force requirements was investigated by Mogk 
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and Keir (2003). Findings indicated that the wrist flexor activity was greatly dependent 

on posture and grip force requirements, while wrist extensors displayed higher levels of 

activity that was consistent across all postures. Forman et al. (2016) investigated the 

effects of various grip forces in combination with wrist exertions. The wrist flexors 

demonstrated low muscle activity during wrist extension exertions while the wrist 

extensors remained highly active during flexion exertions. With gripping tasks, extensor 

activity has been shown to exceed flexors at low to moderate intensity, extensor and 

flexor activity becomes similar around 50% of maximum grip, with the wrist flexors 

surpassing extensor activity as grip force approaches maximum (Claudon, 1998; Mogk & 

Keir, 2003).  

 In the present study, the wrist extensors demonstrated consistently greater muscle 

activity than the wrist flexors. The wrist extensors produced significantly greater muscle 

activity than the flexors across all experimental conditions. Where the wrist flexors 

appear to be task dependent, the wrist extensors look to play a larger role in joint stability 

and position accuracy. Previous research suggests that the co-contraction of the wrist 

extensors serves as a control strategy to minimize deviations from a target position (De 

Serres & Milner, 1991; Gribble, 2003; Mogk & Keir, 2003). Holmes et al. (2015) 

investigated the effects of wrist perturbations during static gripping tasks and found that 

the extensors produced the greatest muscle contributions to wrist joint stiffness. In 

addition, Forman et al. (2016) found that during static gripping and wrist exertion tasks, 

the wrist extensors played a significant role in joint stabilization where as the flexor 

activity was greatly dependent on task. This relationship, previously observed mainly 

during static loading tasks, remains consistent during dynamic tasks.  
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 Anatomical and physiological factors must be considered when examining 

variations in wrist flexor and extensor activity. The average moment arm (MA) of the 

wrist flexors is 23% larger than the average MA of the wrist extensors (Gonzalez, 

Buchanan, & Delp, 1997). Additionally, with the exception of FCR and ECR, the 

physiologic cross-sectional area (PCSA) of the wrist flexors are greater than those of the 

extensors. Together, the MA and PCSA enable the wrist flexors to produce greater 

moments about the wrist. Gonzalez et al. (1997) reported that the PCSA*MA products of 

the wrist flexors is 32cm3 and 44cm3 at neutral and peak moment, respectively. 

Comparatively, the wrist extensors have PCSA*MA products of 14cm3 and 15cm3 at 

neutral and peak moment. These peak moments occur at 40° of flexion for the wrist 

flexors and 20° of extension for the wrist extensors (Gonzalez et al., 1997). These 

differences result in reduced force production capabilities of the wrist extensors 

(Hallbeck, 1994). Therefore, the extensors required greater activation to effectively 

oppose flexion forces and provide joint stability. The MA and force-generating capacity 

of the wrist flexors has been shown to have a high degree of variability throughout the 

flexion/extension range of motion (Gonzalez et al., 1997). Through flexion and extension, 

the flexors have 45% variability in MA and 14% force variability compared to the wrist 

extensors which have 34% and 8%, respectively. Isolated activity of dedicated wrist 

muscles shows that the wrist flexors’ force vectors have a more direct line of action 

toward flexion (Bawa et al., 2000). FCR produces movement at an angle of 28° above the 

horizontal, at this angle 88% of the muscle force is applied toward flexion while 47% of 

the muscle force is in the radial direction. FCU acts an angle of 40° below the horizontal, 

resulting in 77% of the muscle force contributing to flexion and 64% acting in the ulnar 
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direction. Conversely, the wrist extensors’ force vectors contribute less toward their 

prime movement than the wrist flexors. ECRL acts at an angle of 70° above the 

horizontal, resulting in only 34% of muscle force contributing toward extension and 94% 

in the radial direction. ECU acts at an angle of 71°, providing 33% of muscle force 

toward extension and 95% toward ulnar deviation. Based on these force vectors, a greater 

magnitude of extensor activity would be required to balance the flexion force produced 

by the wrist flexors. The observed disparity in flexor and extensor EMG activity does not 

appear to affect task performance when perturbed as wrist kinematics data showed no 

differences between flexion and extension trials.  

 

Influence of Perturbation Direction 

In the present study, ECR, EDC, and BR had significantly greater muscle activity 

during ulnar perturbation trials (Figure 12). While not significant, FDS, FCU, and ECU 

produced more muscle activity during radial perturbations than ulnar perturbations. In 

addition, co-contraction ratios varied based on both phase of movement and perturbation 

direction. During flexion, ulnar perturbations produced significantly greater FCR-ECR 

co-contraction, while radial perturbations produced greater co-contraction during 

extension. With regard to FDS-EDC co-contraction ratios, radial perturbations produced 

significantly greater ratios during extension. These ratios indicate that whether the 

perturbation occurred during flexion or extension movements, the ulnar perturbations led 

to the greatest activity in the wrist extensors. Kinematic tracking data from the WristBot 

showed that radial perturbations produced significantly greater maximum angular 

displacement than ulnar perturbations (Figure 15). Analysis showed no differences 
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between radial and ulnar perturbations with regard to the time from perturbation onset to 

maximum angular displacement.  

 These findings were hypothesized, as FCR and ECR serve to radially deviate the 

wrist and therefore resist ulnar perturbations while FCU and ECU act to oppose radial 

perturbations. To better understand these results, anatomical and physiological factors 

must once again be considered. For ulnar perturbations, there was an expected increase in 

ECR activity, however, we did not see an increase in FCR. As previously stated, the force 

vector for ECR provides a more efficient radial force than that of FCR (Bawa et al., 

2000). Therefore, the CNS may facilitate ECR activity to prioritize the more direct line of 

action of the ECR when opposing ulnar perturbations. The increased activity observed 

from BR is likely due to participants attempting to use elbow flexion forces to aid in the 

resistance of ulnar perturbations. Multi-segmental dynamics suggest that radial/ulnar 

changes at the wrist joint will influence elbow moments and thus, BR was likely a main 

contributor to balancing these joint reaction moments. La Delfa and Potvin (2017) found 

that throughout the majority of an individual’s flexion/extension range of motion, there is 

greater wrist moment toward radial deviation than ulnar deviation. Additionally, a smaller 

average and peak moment exists for ulnar deviation than radial deviation (Delp, Grierson, 

& Buchanan, 1996). This may account for the observed differences between radial and 

ulnar angular displacement. The lack of differences for time to maximum displacement 

could indicate that angular displacement during radial perturbations occur more rapidly 

than during ulnar perturbations, suggesting that the ulnar deviators did not increase 

activity to sufficiently oppose radial perturbations. As previously stated, the wrist 

extensors function to stabilize the wrist by balancing forces produced by the flexors. 
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Interestingly, we see that FDS produces greater activity during radial perturbations while 

EDC activity was greater during ulnar perturbations. This may suggest that during radial 

trials, EDC does not produce adequate force to balance that of FDS, leading to a 

reduction in joint stability and increased angular displacement. 

 

Influence of Knowledge 

Previous work involving perturbations during static loading shows that 

perturbations to the wrist with unknown timing produced significantly greater co-

contraction indices at baseline (Pre-100) (Holmes et al., 2015). In the present study, all 

muscles produced substantially lower activity during the Pre-100 time period for 

unknown than known trials. These findings indicate that during unknown trials, the 

muscles of the forearm produced significantly less activity in anticipation of the 

perturbation. It should be noted that in Holmes et al., 2015, participants gripped a hand 

dynamometer and perturbations delivered caused either wrist flexion or extension. 

Perturbations occurred during a random time period and no additional tasks were 

required. In the present study, even during unknown perturbations, participants were still 

required to track the target cursor. This could suggest a neuromuscular strategy to reduce 

co-contraction and joint stiffness to improve task performance and instead utilize 

reactionary muscle activity to oppose perturbations. However, for most muscles, activity 

during the Pre-15 time period was not significantly different to that of the post-

perturbation SLR and LLR time periods. Additionally, no differences were found 

between known and unknown perturbations for any other time periods. Kinematic data 

revealed that perturbations with unknown timing produced significantly greater 
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maximum angular displacement (Figure 15). While not significant, a clear trend in 

muscle activity is visible for known perturbation timing (Figure 13). For all muscles, 

there is an increase in EMG from the Pre-100 to Pre-15 time period, followed by a 

decrease in EMG from the Pre-15 to SLR and SLR to LLR time periods. This pattern 

does not exist for perturbations with unknown timing, most muscles appear to maintain 

their level of activity following the Pre-15 time period.  

Differences seen between the present study and previous perturbation work are 

likely due, in part, to the nature of the tasks used. In previous work, participants’ wrists 

were perturbed by a pneumatic device and known perturbations were self initiated by the 

participant (Holmes et al., 2015). In the present study, participants were perturbed by the 

internal motors of the WristBot at specific points in the tracing task (±25° F/E). While 

position and timing of known perturbations were provided to the participant, the precise 

timing of the perturbations may have been difficult to anticipate as the location of the 

perturbation was not marked on the monitor. This difficulty in predicting perturbation 

onset likely led to increased anticipatory muscle contractions well before participants 

received a perturbation. Findings from the present study, however, are in partial 

agreement with previous perturbation work involving the elbow joint. Prior to known 

perturbations, an increase in anticipatory or pre-emptive muscle response was observed 

and is consistent with previous work at the elbow joint (Holmes & Keir, 2012). With 

regard to unknown timing, however, previous work found a subsequent increase in 

muscle activity during the reflex period (Holmes & Keir, 2012; Latash, 1994). The 

present study found no such difference muscle activity during the SLR or LLR time 

periods between known and unknown perturbations. These findings suggest that the 
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greater activation during Pre-15, SLR, and LLR compared to Pre-100 time period may 

not be adequate to oppose perturbing forces. Greater sustained muscle activity following 

the Pre-15 time period may be required to oppose the greater amount of angular 

displacement caused by unknown perturbation timing.  

 

Time Period Changes 

As previously discussed, perturbations with known timing exhibited a consistent 

trend in muscle activity changes across the four time periods (Figure 13). Activity during 

the Pre-100 time period demonstrated the lowest activity followed by an increase during 

the Pre-15 time period. All muscle activity then decreased from Pre-15 to SLR and from 

SLR to LLR time periods. Perturbations with unknown timing, however, did not 

demonstrate this or any other consistent trend following the Pre-100 time period. Holmes 

et al. (2015) saw an increase in CCI from baseline to anticipatory period as well as an 

increase from anticipatory to reflex period in three of five muscle pairings. In the present 

study, no changes in CCR were seen across time periods. In addition, individual muscle 

activity showed an increase from the Pre-100 time period, however, few differences were 

found between the Pre-15, SLR, and LLR timer periods.   

 

Limitations 

Grip force was not measured during the experimental trials, changes in grip force 

may explain differences seen in FDS and EDC activity as well as task performance. 

Future work should record changes in grip force during tasks to better understand grip 
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adaptations and their impact on task performance. Due to the nature of the tracking task, 

predicting the location for the known perturbations may have been difficult for 

participants and resulted in excessive pre-perturbation muscle activity. Additionally, 

participant’s forearms were not strapped and completely secured when using the 

WristBot, this may have led to contributions from the elbow and shoulder to track the 

target cursor or to resist perturbations. As previously stated, joint angles were not 

normalized across participants, this may have resulted in a degree of variability between 

participant’s muscle activity and performance measures. 

 

3.6 Conclusions 

 This study found that sudden wrist perturbations during dynamic movement yield 

similar results to those found during static loading tasks. Wrist flexors demonstrated a 

greater degree of task dependent muscle activity than the wrist extensors. Co-contraction 

ratios for all muscle pairs illustrated significantly greater extensor activity across all 

experiential conditions. The mechanisms behind these findings are largely due to MA, 

PCSA, and force vector differences between wrist flexors and extensors. Radial 

perturbations produced greater angular displacement, this is likely due to the relative 

weakness of ulnar versus radial deviators. The effects of perturbation knowledge conflict 

with previous research at the wrist. Muscle activity during the Pre-100 time period was 

greater for known than unknown perturbation timing, resulting in greater angular 

displacement. This may suggest that the chosen task did not allow participants to 

adequately predict perturbation timing during known trials. This study improves our 

understanding of how the CNS modulates and alters forearm muscle recruitment in 
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response to sudden perturbations. Additionally, further evidence has been found on the 

functional differences of the wrist flexors and extensors. The findings from this study 

demonstrate that the task dependent nature of the wrist flexors and stabilizing role of the 

wrist extensors seen during static loading and gripping tasks remains consistent during 

dynamic movement. In addition to basic science, the findings from this research have a 

significant impact on workplace safety. To complete any activity of daily living or 

workplace task, people will require proficient use of their hands and wrists to interact 

with various objects or tools. This work therefore provides a better understanding of how 

encountering sudden perturbations during tool use may affect workplace performance and 

injury risk. Receiving an expected (known) perturbation results in increased task 

performance compared to unexpected (unknown) perturbations, however, this is due to 

greater anticipatory muscle contractions, which leads to an increase to MSD risk. In 

addition, as wrist extensors produce significant muscle activity to stabilize the wrist 

regardless of whether or not they are a prime mover, these muscles are susceptible to the 

early-onset of fatigue and development of chronic overuse injuries. 

 

3.7 Future Work 

Future work will utilize modelling software to perform joint stiffness calculations 

to further investigate changes to muscle activity and their effect on joint stiffness and 

stability. Additionally, future studies should seek to employ grip force measures as well 

as immobilize the upper arm and forearm to isolate wrist movement. Perturbation work 

has largely investigated flexion/extension perturbations with little insight into 

perturbations in other axis of rotation. Future work should investigate the neuromuscular 
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response of the forearm musculature to radial/ulnar perturbations during static loading or 

gripping tasks. Furthermore, investigation into the neuromuscular response of the forearm 

muscles to sudden perturbations causing pronation/supination should be conducted to 

gain a full understanding on the effects of perturbations on each axis of wrist rotation.  
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Appendix A – Brock University REB Application 

 

 

Brock University Research Ethics Board (REB) 
 

Application for Ethical Review of Research Involving Human Participants 

 

 

If you have questions about or require assistance with the completion of this form,  

please contact the Research Ethics Office at (905) 688-5550 ext. 3035, or reb@brocku.ca. 

 

 

Selecting a Research Ethics Board 

 

Files will be allocated to one of two REB panels based upon the type of research to be 
undertaken.  

 

If your research involves any of the following, submit to the Bioscience Research Ethics Board 
(BREB): 

 

� physiological measures such as EEGs, heart rate, GSR, temperature, blood pressure, 
respiration, vagal tone, x-rays, MRIs, CT or PET scans; 

� ingestion or other use of food, beverages, food additives, or drugs, including alcohol and 
tobacco; 

� medical techniques or therapies, including experimental medical devices; 
� physical exertion beyond normal walking; 
� physical movement in participants who have medical vulnerabilities (e.g., spinal cord 

injury, osteoporosis); 

Reviewer Disposition   

(For REB Use Only) ► File # :__________                                          Reviewers:____________________ Due Date:______________ 

Decision: Accepted as is □ Approval Pending Revision □ Clarification Required □ 

 Resubmission □ Full Review □ Withhold Approval □ 

mailto:reb@brocku.ca
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� human biological materials (e.g., tissues, organs, blood, plasma, skin, serum, DNA, RNA, 
proteins, cells, hair, nail clippings, urine, saliva, bodily fluids); 

� interventions with the potential for physiological effects (e.g., diet, exercise, sleep 
restriction); and/or 

� use of medical or official health records (e.g., hospital records). 
 

If none of the above points are characteristic of your research, submit to the Social Science 
Research Ethics Board (SREB)  

 

 

Indicate which REB panel is appropriate for this application: 

 

 

DOCUMENT CHECKLIST 
2 complete sets of the following documents (one original + one copy) 
 

 

 if  applicable 

Recruitment Materials 

• Letter of invitation 
• Verbal script 
• Telephone script 
• Advertisements (newspapers, posters, SONA) 
• Electronic correspondence guide 

 

 

 

 

 

 

Consent Materials 

• Consent form 
• Assent form for minors 
• Parental/3rd party consent 
• Transcriber confidentiality agreement 

 

 

 

 

 

Data Gathering Instruments 

• Questionnaires 
• Interview guides 
• Tests 
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 Bioscience (BREB)  OR   Social Science (SREB) 

 

 

 

 

 

 

 

 

Feedback Letter   

Letter of Approval for research from cooperating organizations, school 
board(s), or other institutions 

 

Any previously approved protocol to which you refer  

Request for use of human tissue sample in research Please Note:  this 
form is required for all research projects involving human tissue, bodily 
fluids, etc. 

 

 

Signed Application Form  

Return your completed application and all accompanying material to  

reb@brocku.ca 

Researchers may submit new REB applications electronically (as PDF or Word attachments), provided 
that they include digital or scanned signatures. Alternatively, Principal Investigators (i.e., faculty only) 

may email REB applications with a note in lieu of signatures, provided that the application is sent 
from their Brock University email addresses. Hard copies will be accepted by the Research Ethics 

Office (Mackenzie Chown D250A) until January 2015.  

Handwritten Applications will not be accepted. Please ensure all necessary items are attached prior to 
submission, otherwise your application will not be processed (see checklist below).  

 

No research with human participants shall commence prior to receiving approval from the REB. 

 

mailto:reb@brocku.ca
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SIGNATURES 

 

PLEASE NOTE:  The title “principal investigator” designates the person who is “in charge” of the 
research.  In this position, the principal investigator is assumed to have the abilities to supervise other 
researchers, be responsible for the financial administration of the project, have the authority to ensure 
that appropriate guidelines and regulations are followed, and be competent to conduct the research in 
the absence of faculty supervision. The restriction of the term “principal investigator” to faculty or post-
doctoral fellows does not have implications for ownership of intellectual property or publication 
authorship. 
 
 Given the above consideration, a student cannot be identified as a “principal investigator”.  However, 
for the purpose of recognizing a student’s leadership role in the research, a faculty member may 
designate a “principal student investigator” below.  
 
INVESTIGATORS: 
 
Please indicate that you have read and fully understand all ethics obligations by checking the box 
beside each statement and signing below. 
 

 I have read Section III: 8 of Brock University’s Faculty Handbook pertaining to Research Ethics and 
agree to comply with the policies and procedures outlined therein. 

 I will report any serious adverse events (SAE) to the Research Ethics Board (REB). 
 Any additions/changes to research procedures after approval has been granted will be submitted to 
the REB. 

 I agree to request a renewal of approval for any project continuing beyond the expected date of 
completion or for more than one year. 

 I will submit a final report to the Office of Research Services once the research has been completed. 
 I take full responsibility for ensuring that all other investigators involved in this research follow the 
protocol as outlined in this application.   

 
Principal Investigator 
  
Signature _____________________________________________ Date: March 14, 2017 
 
Principal Student Investigator (optional) 
 
Signature _____________________________________________ Date: March 14, 2017 
 
Co-Investigators: 
 
Signature _____________________________________________ Date:                      
 
Signature _____________________________________________ Date:                      
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FACULTY SUPERVISOR: 
 
Please indicate that you have read and fully understand the obligations as faculty supervisor listed 
below by checking the box beside each statement. 
 

 I agree to provide the proper supervision of this study to ensure that the rights and welfare of all 
human participants are protected. 

 I will ensure a request for renewal of a proposal is submitted if the study continues beyond the 
expected date of completion or for more than one year. 

 I will ensure that a final report is submitted to the Office of Research Services. 
 I have read and approved this application and proposal.  

 

Signature ______________________________________________ Date:   March 14, 2017 
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SECTION A – GENERAL INFORMATION 

 

1. Title of the Research Project: Investigating neuromuscular control using haptic feedback 
 

2. Investigator Information: 
 

 Name Position (e.g., 
faculty, 
student, 
visiting 
professor) 

Dept./Address  Phone No.   E-Mail 

Principal  

Investigator 

 

Michael 
Holmes 

Assistant 
Professor 

Applied Health 
Science 

9056885550 
x4398 

michael.holme
s@brocku.ca 

Principal 
Student 
Investigator  

Garrick 
Forman 

Graduate 
Student 

Applied Health 
Science 

9059251506 gf16sq@brock
u.ca 

Co-
Investigator(s)  

                              

Faculty 
Supervisor(s) 

Michael 
Holmes 

Assistant 
Professor 

Applied Health 
Science 

9056885550 
x4398 

michael.holme
s@brocku.ca 

 

3. Proposed Date of commencement:  upon approval, OR  other. Please provide date 
(dd/mm/yyyy)       

 

 Proposed Date of completion (dd/mm/yyyy):  June 1, 2018 

 

4. Indicate the location(s) where the research will be conducted: 
 

 Brock University   

 Community Site    Specify        

 School Board    Specify       

 Hospital    Specify       
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 Other     Specify       

 

5. Other Ethics Clearance/Permission: 
 

(a) Is this a multi-centered study?  Yes     No 

(b) Has any other University Research Ethics Board approved this research?  Yes     No 

 

If YES, there is no need to provide further details about the protocol at this time, provided that 
all of the following information is provided: 

 Title of the project approved elsewhere:       

 Name of the Other Institution:       

Name of the Other Board:       

Date of the Decision:       

 A contact name and phone number for the other Board:       

 

Please provide a copy of the application to the other institution together with all accompanying 
materials, as well as a copy of the clearance certificate / approval. 

If NO, will any other University Research Ethics Board be asked for approval?   Yes     No 

Specify University/College       

 

(c) Has any other person(s) or institutions granted permission to conduct this research?   Yes  
  No 

If yes, specify (e.g., hospital, school board, community organization, proprietor) provide details 
and attach any relevant documentation.       

 

If NO, will any other person(s) or institutions be asked for approval?    Yes    No 

Specify (e.g., hospital, school board, community organization, proprietor)       

 

6. Level of the Research: 
 

 Undergraduate Thesis  Masters Thesis/Project  Ph.D 
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 Post Doctorate  Faculty Research  Administration 

 Undergraduate Course 
 Assignment  

 (specify course)       

 Graduate Course 
Assignment 

 (specify)       

 Other (specify course) 
      

 

 

7. Funding of the Project: NSERC Discover Grant (Holmes) 
 

(a) Is this project currently being funded  Yes    No 

(b)  If No, is funding being sought  Yes    No 

 

If Applicable: 

(c)  Period of Funding (dd/mm/yyyy):     From: 2015   To: 2020 

(d)  Agency or Sponsor (funded or applied for) 

 

  CIHR  NSERC  SSHRC  Other (specify):       

  

(e)  Funding / Agency File # (not your Tri-Council PIN) RGPIN 2015-05765 

 

8. Conflict of Interest: 
 

(a) Will the researcher(s), members of the research team, and/or their partners or immediate 
family members receive any personal benefits related to this study – Examples include financial 
remuneration, patent and ownership, employment, consultancies, board membership, share 
ownership, stock options.  Do not include conference and travel expense coverage, possible 
academic promotion, or other benefits which are integral to the general conduct of research.  

   Yes       No 

 

 If Yes, please describe the benefits below.  

 

      

 



 

  

89 
 

(b) Describe any restrictions regarding access to or disclosure of information (during or at 
the end of the study) that the sponsor has placed on the investigator(s). 

 

      

 

SECTION B – SUMMARY OF THE PROPOSED RESEARCH 

 

9. Rationale: 
 

Briefly describe the purpose and background rationale for the proposed project, as well as the 
hypothesis(es)/research question(s) to be examined. 

  

Background rationale: We often take for granted the complexity involved in completing even 
the most simplistic activities of daily living. How we interact with tools and objects in our 
environment is one of the most fundamental, yet vital aspects of human movement. Even 
trivial human-object interactions require the neuromuscular system to instantaneously find a 
solution to coordinate movement successfully and safely. Among working adults, 
musculoskeletal disorders are the primary cause of disability worldwide, with direct and 
indirect costs of approximately $500 million per 1 million workers. Work related upper 
extremity disorders account for almost a third of all lost time claims in Ontario. Globally, 25% 
of workers report work related neck/shoulder pain and neck pain affects 30-50% of the 
general population. The neck and upper extremity are evidently linked. When neck injury 
statistics are combined with upper limb injuries, the upper extremity quickly becomes the 
most common site for workplace injury. As a result, occupational injuries create a significant 
financial burden on our economy and this research plan will enhance our understanding of 
movement and injury, which can impact the lives of working Canadians. 

 

The biomechanical demands associated with moving the upper limb, while interacting with 
tools and objects are task specific. During hand intensive tasks, the forearm muscles control 
multi-joint movements, balance forces at the wrist, and provide stability. A complex, 
seemingly redundant arrangement of muscles, with many degrees of freedom suggests that 
no unique solution for control of a task exists. The roles of each muscle are partially dictated 
by biomechanical characteristics, but system output is ultimately a consequence of signals 
sent by the CNS to the muscle. In the workplace, the upper extremity is capable of completing 
complex tasks, but alternating workplace demands, including a range of postures, force 
requirements and repetition, can lead to inefficient performance and workplace injuries. 
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Improving our understanding of how the CNS organizes events and drives muscles to perform 
actions can help identify injury mechanisms and lead to better workplace design. 

 

Sudden disturbances (perturbations) to a system are routine in daily activities, such as when 
interacting with power tools or when performing complex tasks that involve the external 
world. Perturbation protocols allow for the evaluation of muscle recruitment and stretch 
reflexes and can provide a window into how muscles resist rotation. Such an evaluation can 
provide insight into performance success, joint stability, injury risk and safety. To date, little 
research has been done in the upper extremity to evaluate muscular responses to 
perturbations and how recruitment is altered due to posture and loading demands. This is 
fundamental for the future design of workstations or tools. In this project, participants will 
rest their forearm in a mechanical wrist perturbation device that can expose participants to 
unexpected rotations at the wrist. This exoskeleton device will consist of a custom-made hand 
grip dynamometer and individuals will perform gripping tasks, while the device provides 
sudden wrist rotations in combinations of 3 degrees of freedom (with the rest of the arm 
isolated). 

 

Purpose: The purpose of this study is to quantify forearm muscle co-contraction with sudden 
perturbations of the wrist (flexion/extension, radial/ulnar, pronation/supination) under 
different preload conditions (gripping criteria). Individual muscle contributions will be 
quantified and used to enhance the link between forearm muscle co-contraction and the 
neuromechanical control of wrist joint stiffness. 

 

Research questions: How does the neuromuscular system control forearm muscle activity to 
stabilize a joint during sudden unexpected perturbations and how does this recruitment 
pattern change with fatigue or injury?  

 

10. Methods: 
 

 Are any of the following procedures or methods involved in this study?  Check all that apply.   

 Questionnaire (mail) 

 Questionnaire (email/web) 

 Questionnaire (in person) 

 Interview(s) (telephone) 

 Interview(s) (in person) 

 Focus Groups 

 Journals/Diaries/Personal  

      Correspondence 

 Audio/video taping specify) 

 Observations 

 Non-invasive physical  
 measurement (e.g., 
 exercise, heart rate, blood 
 pressure) 

 Analysis of human tissue, 
 body fluids, etc. (Request 
 for Use of Human Tissue 
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Describe sequentially, and in detail, all of the methods involved in this study and all procedures 
in which the research participants will be involved (paper and pencil tasks, interviews, 
questionnaires, physical assessments, physiological tests, time requirements, etc.)  

Attach a copy of all questionnaire(s), interview guides or other test instruments. If reference is 
made to previous protocols, please provide copies of relevant documentation. 

 

Experiment Protocol 

 

This project will recruit 15-20 university aged participants with no previous injury or pain to 
the upper extremity and no history of chronic pain or neurological impairment to the upper 
extremity. Participants will come to the neuromechanics and ergonomics laboratory on two 
separate days to complete a series of experiments.  

 

Day 1: 

 

Experiment 1 (Proprioception): 

Participants will be seated with their dominant forearm attached to a haptic wrist device 
(exoskeleton) – please see instrumentation section for more details on the device. 
Participants will hold a handle connected to the device and the haptic device will move the 
participants hand to a predetermined wrist joint angle, hold for a few seconds and then 
return the participant to the starting (neutral) position. The participant will then be asked to 
move the device themselves (exerting muscle activity and effort) to the angle that the device 
previously completed. Participants will be blindfolded during the trials. There will be a series 
of proprioception or joint angle position matching tasks. Including: 1) moving in just wrist 
flexion, 2) moving in just wrist extension, 3) moving in just radial deviation, 4) moving in just 
ulnar deviation, 5) moving in just pronation, 6) moving in just supination and 7) a 
combination of all wrist joint rotations. Within each rotation there will be 2 angle targets (a 
large and small wrist rotation) and participants will perform 3 repetitions of each target for a 
total of 42 conditions (7 rotations x 2 target angles x 3 trials = 42 conditions). All wrist joint 
angles will be randomized.  

 

 Secondary Data 

 Computer-administered 
 tasks 

 Invasive physiological 
 measurements (e.g. 
 venipuncture, muscle 
 biopsies) 

 Sample must be completed 
 and attached) 

 Other: (specify)       
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The haptic device will record joint angles and we will be able to calculate wrist joint angle 
accuracy to the target. The device is also equipped with a manual stop button that can be 
pressed by the participant or administrator if at any time the participant feels uncomfortable 
using the device. 

 

Experiment 2 (Perturbations): 

The mechanical perturbation device, will expose participants to unexpected rotations at the 
wrist. The device will be adjustable such that perturbations can be delivered with variable 
force and displacement control. Following completion of experiment 1 and sufficient rest, 
participants will again rest the forearm on the haptic device and hold the custom handle (see 
below for more details) with elbow flexed to 90°. Perturbations will be applied to the hand, 
isolating wrist rotation (other joints will be constrained) to understand how the 
neuromuscular system adapts for wrist performance and stability. Holding the haptic device 
handle, participants will track a moving icon on a computer screen in front of them by 
moving the handle of the device back and forth in a flexion/extension direction (virtual 
reality environment). At unexpected times, the device will be programmed to exert a force 
onto the participant that nudges the handle into either radial or ulnar deviation. The haptic 
force applied to the participant will be determined based on forearm and hand mass will be 
used to ensure that perturbation force and segmental accelerations are held constant across 
participants. The force will be enough to cause a 5-10-degree rotation of the wrist joint only. 
The participant will be instructed to regain the trace of the flexion/extension task that they 
were performing prior to the perturbation. This will be repeated for multiple trials in each of 
radial deviation and ulnar deviation.  

 

All data will be examined during 3 time periods: (i) 150-100 ms pre-perturbation, (ii) 15-0 ms 
pre-perturbation, and (iii) 25-150 ms post-perturbation. Muscle activity patterns will be 
evaluated using techniques of cross correlation, co-contraction, muscular synergy, wastage, 
and joint rotational stiffness for each time period. Accuracy and trajectory of wrist angles 
will be tracked by the haptic device.  

 

Day 2: 

Experiment 3 (Perturbation with fatigue):  

 

On a separate day, separate by at least 48 hours’ participants will return to the 
neuromechanics and ergonomics laboratory. Participants will complete the exact same 
perturbation protocol outlined above (Day 1, experiment 2) however, the forearm muscles 
will be fatigued prior to completing the protocol. The forearm extensor muscles will be 
fatigued using an isometric fatigue protocol. In a neutral position, the participants will exert 
a maximal force against a force transducer. They will be encouraged to hold the maximal 
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effort until force output decreases by 50% of maximum. After this time, participants will be 
quickly moved to the haptic device and the perturbation protocol completed. Following 
completion of the protocol, a maximal isometric extension task will be performed again to 
determine the level of fatigue at the end of the protocol.  

 

Instrumentation 

 

Once familiarized with all of the tasks, participants will be instrumented for our 
biomechanical measures.  

 

3D Kinematics 

Three-dimensional upper extremity kinematics will be tracked using a 10-camera Vicon 
System (Vicon, Oxford, UK). Individual markers will be placed over anatomical landmarks 
including, the suprasternal notch, xiphoid process, the hand, radial and ulnar styloids, medial 
and lateral epicondyles, the acromion of the dominant arm. Additionally, custom-molded 
rigid bodies consisting of light weight reflective markers will be secured to the sternum, and 
bilaterally over the forearm, upper arm and hand (mid-segmental regions). The rigid bodies 
will be used to track segment movement during experimental testing. A static calibration will 
determine the relationship between the rigid bodies and the calibration markers over the 
anatomical landmarks, and subsequently joint centers and segment coordinate systems. 

 

Electromyography (EMG) 

Muscle activity will be recorded using surface electromyography (SEMG) and prior to 
electrode placement, standard preparations, including shaving the surface and cleansing the 
skin with alcohol will be performed. We require to shave the forearm locations prior to 
electrode placement to improve the quality of our recording sites. A single-use, disposable 
razor will be used and if bleeding or razor burn occurs, this will become the priority, rather 
than continuing the protocol. EMG will be recorded from 13 muscles on the dominate upper 
extremity of each participant. Selected muscle groups will include: 

1. The forearm muscles: Extensor carpi radialis, extensor carpi ulnaris, extensor 
digitorum, flexor        carpi radialis, flexor carpi ulnaris, and flexor digitorum 
superficialis. 

2. The elbow muscles: Biceps brachii, brachioradialis, and triceps brachii 
3. The shoulder muscles: Anterior deltoid, middle deltoid, posterior deltoid, and 

trapezius 
 

Following electrode preparation that included shaving and scrubbing with alcohol, 
disposable bipolar Ag-AgCl surface electrodes (MediTrace 130, Kendall, Mansfield, MA, USA) 
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will be placed over each muscle belly aligned with muscle fiber orientation with an 
interelectrode center-to-center distance of 2.5 cm. EMG will be band-pass filtered (10-1000 
Hz) and differentially amplified (CMRR > 115 dB at 60 Hz; input impedance -10 GQ; Model 
AMT-8, Bortec Biomedical Ltd., Calgary, AB, Canada).  

 

Following preparation, participants will perform a series of maximal voluntary contractions 
to normalize the EMG signals. Participants will perform isometric maximal wrist flexion and 
extension contractions to normalize the EMG signals. Participants will also perform a 
maximal hand grip test using a hand grip dynamometer with their arm resting by their side 
and their forearm and wrist in a neutral position. These contractions will be 3 second 
isometric maximal exertions. To obtain elbow maximal contractions, participants will be 
manually resisted by the experimenter. They will be seated in a chair and the experimenter 
will manually resist elbow flexion/extension (with elbow flexed to 90 degrees). Shoulder 
maximal contractions require arm flexion and manually resisting shoulder flexion and 
adduction. A maximal shoulder shrug will be completed by maximally shrugging the 
shoulders while holding the bottom of a chair. Two maximal trials will be recorded and the 
peak of both trials will be used as the maximum grip force and to determine maximal muscle 
activity. All EMG data will be digitally recorded at a rate of 2048 Hz. 

 

Haptic wrist device 

 

The experimental device used for these studies is a three degrees-of-freedom (DoF) haptic 
wrist manipulandum (Figure 1). It is a mechanical system that can deliver torque (forces) to 
the human hand that is interacting with the device and is integrated with a virtual reality 
environment and computer display. The device is controlled by custom programs and cannot 
deliver forces larger than maximum isometric wrist torques of a human adult. The device 
allows for movements along the three DoFs of the human joint: flexion/extension (F/E), 
radial/ulnar deviation (R/UD) and pronation/supination (P/S). The motors powering the 
device are 4 brushless motors chosen in such a way to provide an accurate haptic rendering 
and compensate for the weight and inertia of the device or even overcoming muscular 
contraction. The continuous torque ranges at the different wrist axes are 1.53 Nm on F/E, 
1.63 Nm on R/UD and 2.77 Nm on P/S. The range of motion (RoM) in the three DoF 
approximately matches the RoM of a normal human wrist: 65/70º of F/E, 19/30º of R/UD, 
90/90º of P/S, in a typical human subject, vs. ±72º of F/E, 45/27º of RUD; ±80º of PS, in the 
wrist robot. Thus, taking the haptic device to its full range of motion, wouldn’t result in 
stress or strain on the human hand as our human ranges are typically greater than the end 
rage of the device. The forces capable from the device are all programmed using custom 
software and the forces applied to the participants in our study are very, very low. Much 
lower than forces experienced while hold a power tool or sudden displacement of the hand 
in sports. 
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In each experiment, participants will sit in front of the three DoFs wrist manipulandum and 
hold the handle with their dominant hand.  

 

 

Figure 1: The haptic wrist exoskeleton that will be used in these studies. Participants will rest 
their arm on the device and hold the handle.   

 

Data Analysis: 

 

Raw EMG signals will be full-wave rectified; digitally low-pass filtered (3Hz cut-off, 2nd order, 
and single pass Butterworth filtered) and normalized to the previously collected maximal 
voluntary contractions. Digitized landmarks from the trunk as well as the upper will be used 
to create anatomical frames of reference for each modeled segment. Three-dimensional 
coordinates for the digitized landmarks will be continuously monitored using the fixed 
spatial relationship with the rigid body affixed to the segment. All kinematic data will be 
filtered at a rate of 3 Hz using a digital Butterworth filter. Anatomical frames of reference 
derived from the digitized landmarks will be used to determine joint kinematics throughout 
the selected tasks. All kinematic data will be processed using commercially available 
software (Visual3D™, C-Motion, Inc., Germantown, MD, United States). This allows having a 
biomechanical analysis for each trial of the simulated tasks.  

 

The dependent variables in this study include, surface EMG from all muscles and three-
dimensional kinematics. Average and maximum muscle activity, and postures will be 
evaluated for each task. Three-dimensional motion capture will be used to evaluate joint 
postures, and movement patterns (positions, velocities and accelerations) for each task. All 
data from the haptic device (range of motion, velocity, etc.) from all rotations will be 
recorded. 
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Statistics: The primary focus of this study is to evaluate differences (muscle activity and 
postures) between the trials. A repeated measures analysis of variance will be used to 
compare differences in average and maximum muscle activity and postures. The alpha level 
will be set to 0.05 for all statistical analyses (SPSS v19.0, IBM Corporation, Somers, NY, USA). 

  

 

11. Professional Expertise/Qualifications: 
 

Does this procedure require professional expertise/recognized qualifications (e.g., registration 
as a clinical psychologist, first aid certification)?   

 Yes   specify:            No 

 

If YES, indicate whether you, your supervisor, or any members of your research team have the 
professional expertise/recognized qualifications required?   Yes       No 

 

12. Participants: 
 

Describe the number of participants and any required demographic characteristics (e.g., age, 
gender). 

 

15-20 volunteers (17-40 years of age) will be used in this study. They will be 
undergraduate/graduate students recruited from the university.  

 

13. Recruitment: 
 

Describe how and from what sources the participants will be recruited, including any 
relationship between the investigator(s), sponsor(s) and participant(s) (e.g., family member, 
instructor-student; manager-employee).  

Attach a copy of any poster(s), advertisement(s) and/or letter(s) to be used for recruitment. 

 

The participants will be sourced from the Brock undergraduate and graduate student 
population via information posters. When a potential participant contacts the research 
team, the study will be fully explained and potential participants will be repeatedly 
reminded that they are free to choose whether they wish to participate in the study. They 
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will be reminded that not participating in the study will in no way, now or ever, negatively 
impact either their grade in a course, performance in a lab, reference letter 
recommendations and/or thesis evaluation. Dr. Holmes is a professor in the Faculty of 
Applied Health Sciences and it is likely that students in that program will be participants. The 
written consent form clearly states that the participant may withdraw from the study at any 
point without prejudice. In the event that a participant withdraws from the study, the data 
collected on them will be deleted. Participants are free to withdraw from the study at any 
time without question or prejudice. If they are taking a course with the aforementioned 
professor their grade will not be affected should they withdraw from the study. However, 
since this may be an intimidating decision for students to make, all efforts will be made to 
recruit participants who are not students of the investigators, or participation will be 
handled by the student researcher. In the event of a student volunteer, all correspondence 
and data collection will be done in the presence of the research assistant only. 

 

14. Compensation: 
 

a) Will participants receive compensation for participation?  Yes   No 

b) If yes, please provide details.   

 

Participants will be reimbursed for participation with a $5 Tim Hortons gift card for each day 
that they complete. Thus, compensation can total $10 if participants attend both sessions. If 
a participant withdraws and can no longer complete session #2, the will still receive the $5 
compensation for the first session.  

 

SECTION C – DESCRIPTION OF THE RISKS AND BENEFITS OF THE PROPOSED RESEARCH 

 

15. Possible Risks: 
 

1) Indicate if the participants might experience any of the following risks: 

 

 a) Physical risks (including any bodily contact, physical stress, or administration of any 
substance)?
   

   Yes  No 
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b) Psychological risks (including feeling demeaned, embarrassed worried or upset, 
emotional stress)? 

  Yes  No 

 

 c) Social risks (including possible loss of status, privacy, and / or reputation)?   Yes  No 

 

d) Are any possible risks to participants greater than those that the participants might 
encounter in  their everyday life?  Yes  No 

 

 e) Is there any deception involved?   Yes  No 

 

f) Is there potential for participants to feel obligated to participate or coerced into 
contributing to this research (because of regular contact between participants and the 
researcher, relationships that involve power-dynamics, etc.)?  Yes  No 

 

2)  If you answered Yes to any of 1a – 1f above, please explain the risk. 

 

A. Physical risks: 

1. Redness or irritation on the skin in the area where electrodes are attached. 
Participants will be made aware that this is a very normal reaction to the electrode 
procedures. It does not leave a permanent mark, with redness disappearing in 1-2 
days (most people experience no redness at all).  

2. Post experiment muscle soreness, similar to any low – moderate intense exercise. 
The range of motion capable of the haptic device will be capped such that wrist 
rotations will be nowhere near end range of motion. Thus, high velocity wrist 
rotations will only occur around a neutral position. This work will not be 
uncomfortable for the participant and will pose no risk. Wrist rotations will be no 
faster than voluntary wrist motion (maybe found in sports or during manual labour 
such as power tool use). Due to the fatigue protocol on day 2, you may experience 
some mild muscle weakness (up to 24 hours following the experiment). Additionally, 
you may experience delayed onset muscle soreness (DOMS) 24-48 hours’ post 
experimentation. 

 

F. Feeling Coerced: 

If participants are taking a course with the aforementioned professor their grade will not be 
affected should they withdraw from the study. However, since this may be an intimidating 
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decision for students to make, all efforts will be made to recruit participants who are not 
students of the investigators. In the event of a student volunteer, all correspondence and 
data collection will be done in the presence of the research assistant only. Participation, 
non-participation or withdrawal from the study will not affect one’s standing at Brock 
University. 

 

3) Describe how the risks will be managed and include the availability of appropriate medical or 
clinical expertise or qualified persons. Explain why less risky alternative approaches could not be 
used. 
 

All risks are on site only and all participants will be closely watched by the investigators to 
ensure safety. Participants will be consistently reminded throughout the duration of the 
protocol that, should they become too uncomfortable, they are free to withdraw from the 
study at any point.  

 

For post-session skin irritation or muscle soreness we will advised participants to call the 
researcher, and/or the Campus Wellness Centre. We require to shave the forearm locations 
prior to electrode placement to improve the quality of our recording sites. A single-use, 
disposable razor will be used and if bleeding or razor burn occurs, this will become the 
priority, rather than continuing the protocol. The range of motion capable of the haptic 
device will be capped such that wrist rotations will be nowhere near end range of motion. 
Thus, high velocity wrist rotations will only occur around a neutral position. This work will 
not be uncomfortable for the participant and will pose no risk. Wrist rotations will be no 
faster than voluntary wrist motion (maybe found in sports or during manual labour such as 
power tool use). Due to the fatigue protocol on day 2, you may experience some mild 
muscle weakness (up to 24 hours following the experiment). Additionally, you may 
experience delayed onset muscle soreness (DOMS) 24-48 hours’ post experimentation. 

 

If participants are taking a course with the aforementioned professor their grade will not be 
affected should they withdraw from the study. However, since this may be an intimidating 
decision for students to make, all efforts will be made to recruit participants who are not 
students of the investigators. In the event of a student volunteer, all correspondence and 
data collection will be done in the presence of the research assistant only. 

16. Possible Benefits: 
 

Discuss any potential direct benefits to the participants from their involvement in the project.  
Comment on the (potential) benefits to the scientific community/society that would justify 
involvement of participants in this study.  
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The primary benefit to participants in this study will be that it will expose them to the 
research environment and also to a number of different research technologies. This is of 
importance given that some of the participants will likely be kinesiology students who will be 
learning about the techniques in the classroom, thus gaining practical experience. At the end 
of the testing session, all participants will be given an opportunity for ‘debriefing’ where one 
of the researchers will answer any questions they may have about the protocol or results 
obtained in their data collection session. Participants will learn a little about haptic devices, 
biomechanics and ergonomics.  

 

SECTION D – THE INFORMED CONSENT PROCESS 

 

17. The Consent Process: 
 

Describe the process that the investigator(s) will be using to obtain informed consent. Include a 
description of who will be obtaining the informed consent. If there will be no written consent 
form, explain why not. 

For information about the required elements in the letter of invitation and the consent form, as 
well as samples, please refer to: http://www.brocku.ca/researchservices/forms/index.php  

 

If applicable, attach a copy of the Letter of Invitation, the Consent Form, the content of any 
telephone script, and any other material that will be utilized in the informed consent process.   

 

Once participants express an interest in participating in the study they will be contacted and 
the study will be briefly explained to them again. If they still have an interest in participating, 
then a time will be set-up for them to come to the lab. During this lab session, the study will 
be explained in more detail and participants will be given the opportunity to ask any 
questions they may have about the study. Once all questions are answered, participants will 
then be given the informed consent form to read. We will also give them the screening 
questionnaire to confirm that they have no history of chronic pain or neurological 
impairments to the upper extremity. They will also be reminded that if they have any 
questions while reading the form to feel free to ask them. After reading the consent form 
and having any additional questions answered, if participants are willing to take part in the 
study they will be asked to sign the informed consent form. Their witnessed signature on 
this form will provide evidence of their informed consent to participate in the study. 

 

18. Consent by an authorized party: 
 

http://www.brocku.ca/researchservices/forms/index.php
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If the participants are minors or for other reasons are not competent to consent, describe the 
proposed alternative source of consent, including any permission form to be provided to the 
person(s) providing the alternative consent.  

 

N/A 

 

19. Alternatives to prior individual consent:  
 

If obtaining individual participant consent prior to commencement of the research project is not 
appropriate for this research, please explain and provide details for a proposed alternative 
consent process.  

 

N/A 

 

20. Feedback to Participants: 
 

Explain what feedback/ information will be provided to the participants after participation in the 
project. This should include a more complete description of the purpose of the research, and 
access to the results of the research. Also, describe the method and timing for delivering the 
feedback. 

 

Due to the fact that data will potentially be published/disseminated, all participants will be 
entitled to feedback on the future publication of the data.  More specifically, they will be 
provided with the contact information (email address) of Dr. Holmes and will be told that if 
they are interested in receiving future information regarding the study, they may contact the 
researchers directly. This contact information (email address) will be provided to the 
participants within the consent form. It will be explained to participants that published work 
can take a long time (6+ months) to become available. If they wish to see individual data 
along the way, they are also encouraged to contact the investigators.  

 

21. Participant withdrawal:  
 

a) Describe how the participants will be informed of their right to withdraw from the 
project.  Outline the procedures that will be followed to allow the participants to exercise 
this right. 
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The investigators will verbally explain the study, procedures and risks to each participant. 
The investigators will be available to answer any questions the participants may have prior 
to signing the informed consent. At this time, the investigators will reiterate to participants 
that their participation is voluntary. They are free to withdraw or discontinue the study at 
any time, without consequence. A participant’s withdrawal from the study will not affect 
their standing at Brock University. We will also remind participants that they will be 
reimbursed for their time (even if they do not complete the study – assuming they complete 
50% of it).  

 

b) Indicate what will be done with the participant’s data should the participant choose to 
withdraw. Describe what, if any, consequences withdrawal might have on the participant, 
including any effect that withdrawal may have on participant compensation. 

 

Any participant that withdrawals from this study will have their data permanently discarded 
and all paper copies (consent form, etc.) will be destroyed. There will be no consequences 
for a participant if they choose to withdraw, even once the study is over their data can still 
be destroyed. 

 

SECTION E – CONFIDENTIALITY & ANONYMITY  

 

Confidentiality: information revealed by participants that holds the expectation of privacy.  This 
means that all data collected will not be shared with anyone except the researchers listed on 
this application. 

 

Anonymity of data: information revealed by participants will not have any distinctive character 
or recognition factor, such that information can be matched (even by the researcher) to 
individual participants.  Any information collected using audio-taping, video recording, or 
interview cannot be considered anonymous. Please note that this refers to the anonymity of 
the data itself and not the reporting of results. 

 

22. Given the definitions above: 
 

a)   Will the data be treated as confidential?  Yes  N 

b)    Are the data anonymous?    Yes  No 
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c) Describe any personal identifiers that will be collected during the course of the research 
(e.g., participant names, initials, addresses, birth dates, student numbers, organizational names 
and titles etc.). Indicate how personal identifiers will be secured and if they will be retained 
once data collection is complete.  
 

 

d) If any personal identifiers will be retained once data collection is complete, provide a 
comprehensive rationale explaining why it is necessary to retain this information, including the 
retention of master lists that link participant identifiers with unique study codes and de-
identified data. 
 

 

e) State who will have access to the data.   
 

Only the principal investigator and the principal student investigator will have access to the 
data. 

 

f) Describe the procedures to be used to ensure anonymity of participants and/or 
confidentiality of data both during the conduct of the research and in the release of its 
findings. 
 

The identity of each participant will be kept confidential, only available to the researchers. 
All data, including written records and electronic data, will be placed in a locked cabinet or 
stored on a secured computer in the locked office of the principal investigator. Data will be 
originally recorded on a computer that is password protected and only available to the 
researchers in a locked and secure room. The data will remain at this institution. The data 
will not be linked with any other data set and the data will not be sent outside of the 
institution where it is collected. Any images and videos we release publicly will remain 

Participants will be identified only with subject codes. No participant names, initials or identifying 
markers will be used. Participants will be referred to as “subject 01”, “02”, etc. on all data collection 
computers. Once the study is completed, all data will be retained, but moved from the data collection 
computer to a secured hard drive in the PI’s office. All signed consent forms (personal identifiers) will 
be secured in a locked filing cabinet in a locked room, inside the locked Neuromechanics and 
Ergonomics Lab (TH141).  

All signed consent forms (personal identifiers) and the master list of participant identifier codes will be 
secured in a locked filing cabinet in a locked room, inside the locked Neuromechanics and Ergonomics 
Lab (TH141). 
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confidential by blurring out any identifying factors of any of the participants involved.  This 
includes the blurring of participants faces. 

 

g) If participant anonymity and/or confidentiality is not appropriate to this research project, 
explain,  in detail, how all participants will be advised that data will not be anonymous or 
confidential.  
 

N/A 

 

h) Explain how written records, video/audio tapes, and questionnaires will be secured, and 
provide details of their final disposal or storage, including how long they will be secured and the 
disposal method to be used. 
 

All data will be in digital form. Our data collection software allows for written notes during 
data collection if particular trials or conditions should not be included in the final analysis.  

 

SECTION F -- SECONDARY USE OF DATA 
 

23. 

 a) Is it your intention to reanalyze the data for purposes other than described in this 
application?  

  Yes  No 

 

b) Is it your intention to allow the study and data to be reanalyzed by colleagues, students, 
or other researchers outside of the original research purposes? If this is the case, explain 
how you will allow your participants the opportunity to choose to participate in a study 
where their data would be distributed to others (state how you will contact participants to 
obtain their re-consent) 

  

N/A 

 

c) If there are no plans to reanalyze the data for secondary purposes and, yet, you wish to 
keep the data indefinitely, please explain why. 
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We have no immediate plans to reanalyze the data at this time. However, analyze 
techniques and ideas change over time and we would prefer to have access to the data 
should a new analysis be performed. In addition, sometimes publication of results can take 
years to complete and we prefer to hold on to data in case there are ever questions about 
the quality or integrity of our data. 

 

SECTION G -- MONITORING ONGOING RESEARCH 

 

It is the investigator’s responsibility to notify the REB using the “Renewal/Project Completed” 
form, when the project is completed or if it is cancelled. 
http://www.brocku.ca/researchservices/forms/index.php 

 

24. Annual Review and Serious Adverse Events (SAE): 

 

a) MINIMUM REVIEW REQUIRES THE RESEARCHER COMPLETE A “RENEWAL/PROJECT 
COMPLETED” FORM AT LEAST ANNUALLY.   

Indicate whether any additional monitoring or review would be appropriate for this project. 

 

      

 

*Serious adverse events (negative consequences or results affecting participants) must be 
reported to the Research Ethics Officer and the REB Chair, as soon as possible and, in any event, 
no more than 3 days subsequent to their occurrence. 

 

25. COMMENTS 

 

If you experience any problems or have any questions about the Ethics Review Process at Brock 
University, please feel free to contact the Research Ethics Office at (905) 688-5550 ext 3035, or 
reb@brocku.ca 

 

 

 

http://www.brocku.ca/researchservices/forms/index.php
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Appendix B – Participant Consent Form 

Informed Consent 
 
Michael W.R. Holmes, PhD 

Canada Research Chair in Neuromuscular Mechanics and Ergonomics 

Assistant Professor 

Brock University | Department of Kinesiology 

Niagara Region | 1812 Sir Isaac Brock Way | St. Catharines, ON L2S 3A1 

brocku.ca | Phone: 905 688 5550 x4398 | Fax: 905 984 4851 

Email: michael.holmes@brocku.ca 

 

 
Date: March 14th, 2017 

Project Title: Investigating neuromuscular control using haptic feedback 

 

Principal Investigator (PI): Michael Holmes, Assistant Professor 

Department of Kinesiology 

Brock University 

905 688 5550 x4398; michael.holmes@brocku.ca  

 

Principal Student Investigator: Garrick Forman, MSc. Graduate Student 

Department of Kinesiology 

Brock University 

gf16sq@brocku.ca  

 

INVITATION 

You are invited to participate in a study that involves research. We often take for granted the complexity 
involved in completing even the most simplistic activities of daily living. The human hand and forearm have 
unimaginable complexity and the neuromechanical processes required to perform fine motor tasks with great 
precision is immense. In Canada, work-related upper extremity disorders account for a large amount of all 
lost time claims, suggesting that occupational injuries create a significant financial burden to our economy. 
The purpose of this study is to quantify forearm muscle activity during sudden wrist movements and 
perturbations (flexion/extension, radial/ulnar, pronation/supination) under different gripping conditions. 
Individual muscle contributions will be quantified and used to enhance the link between forearm muscle 

mailto:michael.holmes@brocku.ca
mailto:michael.holmes@brocku.ca
mailto:gf16sq@brocku.ca
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activity and neuromechanical control of wrist joint stiffness. We will also evaluate the effects of 
proprioception (how well you can sense the position of your limb with eyes closed) and how fatigue 
influences these measures.  

 

WHAT’S INVOLVED 

As a participant, you will be asked to perform 3 experiments over 2 separate laboratory visits. You will 
perform a series of angle matching tasks while the investigators measure muscle activity, posture and forces 
during a variety of wrist movements. This demonstrates how well your body can sense the position of your 
upper limbs. This work will also evaluate how the muscles of the forearm control sudden unexpected 
movements.  

 

Experiment Protocol 

Upon arrival to the lab, the investigators will explain and demonstrate all the tasks to you. We will also 
familiarize you will the equipment being used and verbally explain and review the consent form.  

 

Day 1: 

 

Experiment 1 (Proprioception):  

You will sit with your dominant forearm attached to a haptic wrist device (exoskeleton). The purpose of the 
device and functionality will be explained to you in detail. You will hold a handle connected to the device and 
the haptic device will move your hand to a predetermined wrist joint angle, hold for a few seconds and then 
return your hand to the starting (neutral) position. You will then be asked to move the device yourself (exerting 
muscle activity and effort) to the angle that the device previously completed. There will be a series of 
proprioception or joint angle position matching tasks. Including: 1) moving in wrist flexion, 2) moving in wrist 
extension, 3) moving in radial deviation, 4) moving in ulnar deviation, 5) moving in pronation, 6) moving in 
supination and 7) a combination of all wrist joint rotations. Within each rotation there will be 2 angle targets (a 
large and small wrist rotation) and you will perform 3 repetitions of each target for a total of 42 conditions (7 
rotations x 2 target angles x 3 trials = 42 conditions). All wrist joint angles will be randomized.  

The haptic device will record your wrist joint angles and we will be able to calculate wrist joint angle accuracy 
to the target. The device is also equipped with a manual stop button that can be pressed by you if at any time 
you feel uncomfortable using the device.  

 

Experiment 2 (Perturbations): 

The mechanical device, will expose you to unexpected rotations at the wrist. The device will be adjustable 
such that perturbations can be delivered with variable force and displacement control. Following completion 
of experiment 1 and sufficient rest, you will again rest your forearm on the haptic device and hold the custom 
handle with elbow flexed to 90°. Sudden disturbances (perturbations) will be applied to your hand, isolating 
wrist rotation (other joints will be constrained) to understand how the neuromuscular system adapts for wrist 
performance and stability. Holding the haptic device handle, you will track a moving icon on a computer screen 
in front of you by moving the handle of the device back and forth in a flexion/extension direction. At unexpected 
times, the device will be programmed to exert a force onto you that very slightly nudges the handle into either 
radial or ulnar deviation. The force will be enough to cause a 5-10-degree rotation of the wrist joint only. You 
will be required to regain the trace of the flexion/extension task prior to the perturbation. This will be repeated 
for multiple trials in each of radial deviation and ulnar deviation. 
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Day 2: 

 

Experiment 3 (Perturbation with fatigue):  

On a separate day, separate by at least 48 hours’ you will return to the neuromechanics and ergonomics 
laboratory. You will complete the exact same perturbation protocol outlined above (Day 1, experiment 2) 
however, the forearm muscles will be fatigued prior to completing the protocol. The forearm extensor muscles 
will be fatigued using an isometric fatigue protocol. In a neutral position, you will exert a maximal force against 
a force transducer and you will be encouraged to hold the maximal effort as long as you can. After this time, 
you will be quickly moved to the haptic device and the perturbation protocol completed. Following completion 
of the protocol, a maximal isometric wrist extension task will be performed again to determine the level of 
fatigue at the end of the protocol. It is likely that the level of fatigue experienced in the forearm would be 
comparable to an upper body muscular workout, or a novice participant playing racquet sports for the first time 
(IE Tennis or squash). 

 

Instrumentation 

 

Once familiarized with all of the tasks, you will be instrumented for our biomechanical measures.  

 

3D Kinematics 

Three-dimensional movements of the upper extremity will be tracked using a 10-camera Vicon System (Vicon, 
Oxford, UK). Individual markers will be placed over various areas of your upper extremity, including upper 
arms, forearms and hands using double sided tape.  

 

Electromyography (EMG) 

Muscle activity will be recorded using surface electromyography (SEMG). We will stick small electrodes over 
muscles of interest. Prior to electrode placement, standard preparations, including shaving the surface and 
cleansing the skin with alcohol will be performed. We require to shave the forearm locations prior to electrode 
placement to improve the quality of our recording sites. A single-use, disposable razor will be used and if 
bleeding or razor burn occurs, this will become the priority, rather than continuing the protocol. This could 
result in slight razor burn or EMG will be recorded from 13 muscles on the dominate upper extremity. Selected 
muscle groups will include: 

1. The forearm muscles: Extensor carpi radialis, extensor carpi ulnaris, extensor digitorum, flexor carpi 
radialis, flexor carpi ulnaris, and flexor digitorum superficialis 

2. The elbow muscles: Biceps brachii, brachioradialis, and triceps brachii 
3. The shoulder muscles: Anterior deltoid, middle deltoid, posterior deltoid, and trapezius 

 

Following preparation, you will perform a series of maximal voluntary contractions to normalize the EMG 
signals. You will perform short 3 second isometric (no movement) maximal exertions of wrist flexion and 
extension contractions to normalize the forearm EMG signals. You will also perform a maximal hand grip test 
using a hand grip dynamometer. To obtain elbow maximal contractions, you will be manually resisted by the 
experimenter. You will be seated in a chair and the experimenter will manually resist elbow flexion/extension 
(with your elbow flexed to 90 degrees). Shoulder maximal contractions will require you to flex the arm to 
parallel with the floor (90 degrees) and manually resist shoulder flexion and adduction. A maximal shoulder 
shrug will be completed by maximally shrugging the shoulders while holding the bottom of a chair. 
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Eligibility: Males and females are eligible to participate (age range, 17-40 years).  We are seeking 
individuals who have not had upper extremity pain or injury in the past 12 months. If you have any history of 
chronic pain or neurological impairment to the upper extremity we will discuss eligibility with you.  

 

Timeline: Including instrumentation and experimental setup, it is expected that you will be in the 
biomechanics laboratory for approximately 1.5 hours for session 1 and 1.5 hours for session 2. There will be 
two sessions in total, separated by at least 48 hours. 

 

POTENTIAL BENEFITS AND RISKS 

There are no known or anticipated direct benefits to you for your involvement in this project. The scientific 
community will benefit from this research because these findings may lead to changes in the field of 
ergonomic design of hand gripping tasks during complex activities where gripping and wrist activities are 
required simultaneously. Examples include screw driving and other manual labour jobs. 

 

There may be minimal risk associated with this study. For instance, the use of electromyography may 
require tape to secure the electrodes to the skin. However, in the unlikely event there is irritation caused by 
surface electrodes, this will fade in 1-2 days. We require to shave the forearm locations prior to electrode 
placement to improve the quality of our recording sites. A single-use, disposable razor will be used and if 
bleeding or razor burn occurs, this will become the priority, rather than continuing the protocol. As a 
requirement for electromyography investigations, maximal voluntary exertions are required. You may 
experience some mild muscle soreness as a result of these maximal contractions. However, these maximal 
activities can be considered similar to activities of daily living often experienced at home.   

 

All tasks being simulated for this study are considered to be minimal risk and simply involve gripping and 
wrist movements, like we do as part of our daily activities. The range of motion capable of the device will be 
capped such that wrist rotations will be nowhere near end range of motion. Thus, high velocity wrist rotations 
will only occur around a neutral position. This work will not be uncomfortable and will pose no risk. Wrist 
rotations will be no faster than voluntary wrist motion that you may experience in sports or during manual 
labour such as power tool use. Due to the fatigue protocol on day 2, you may experience some mild muscle 
weakness (up to 24 hours following the experiment). Additionally, you may experience delayed onset muscle 
soreness (DOMS) 24-48 hours’ post experimentation. In the very unlikely event of injury (for example, you 
may experience discomfort to the hand or forearm), we do not have funds in our grant to cover treatment 
expenses.  We encourage any individuals with persistent irritation or discomfort to please visit the Campus 
Wellness Centre or your healthcare provider. 

 

CONFIDENTIALITY 

Your identity will be kept confidential and only made available to the researchers. You will be identified only 
by a subject identification code during the data collection phase of this study. All data, including written 
records and electronic data, will be placed in a locked cabinet or stored on a secured computer in the locked 
office of the principal investigator. Data will be originally recorded on a computer that is password protected 
and only available to the researcher’s in a locked and secure room. The data will remain at this institution. 
The data will not be linked with any other data set and the data will not be sent outside of the institution 
where it is collected. Any images and videos we release publicly will remain confidential by blurring out any 
identifying factors of any of the participants involved.  This includes the blurring of participants faces. Data 
will be kept until publication of the results, this can sometimes take 1-2 years. After this time, all subject 
identification codes will be removed from the data and kept indefinitely. 

 

Access to this data will be restricted to Dr. Holmes and the graduate student involved in this work.  
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VOLUNTARY PARTICIPATION 

Participation in this study is voluntary. If you wish, you may decline to answer any questions or participate in 
any 

component of the study. Further, you may decide to withdraw from this study at any time and may do so 
without any 

penalty or loss of benefits to which you are entitled. If you are a Brock student, withdrawing from the study 
will in no way affect your academic standing. If you wish to withdraw during a study, simply tell the 
investigator that you no longer wish to participate. If you wish to withdraw between sessions, simply contact 
the principal investigator. Participation, non-participation or withdrawal from the study will not affect one’s 
standing at Brock University. If you are a student of the PI, recruitment will be handled by a third-party 
individual to avoid real or perceived coercion that you may feel. 

 

COMPENSATION FOR PARTICIPATION 

You will receive a $10 Tim Horton’s gift card for participating in this study (this means that you have 
completed both laboratory sessions). You will be reimbursed for your time for each session (so you do not 
have to complete both sessions for compensation). You can receive a $5 gift card for each session 
completed. 

 

PUBLICATION OF RESULTS 

Results of this study may be published in professional journals and presented at conferences. Any images 
and videos we release publicly will remain confidential by blurring out any identifying factors of any of the 
participants involved.  This includes the blurring of participants faces. Feedback about this study will be 
available to you by contacting Dr. Holmes at the address at the top of the form. Results should be made 
available approximately 6 months after your completion of the study. The results will be group data about the 
main findings of the study. If you wish to know more about individual data, we can arrange to meet. 

 

CONTACT INFORMATION AND ETHICS CLEARANCE 

If you have any questions about this study or require further information, please contact Dr. Holmes using 
the contact information provided above. This study has been reviewed and received ethics clearance 
through the Research Ethics Board at Brock University (File #16-262). If you have any comments or 
concerns about your rights as a research participant, please contact the Research Ethics Office at (905) 
688-5550 Ext. 3035, reb@brocku.ca. 

 

Thank you for your assistance in this project. Please keep a copy of this form for your records. 

 

CONSENT FORM 

I agree to participate in this study described above. I have made this decision based on the information I 
have read in the Information-Consent Letter. I have had the opportunity to receive any additional details I 
wanted about the study and understand that I may ask questions in the future. I understand that I may 
withdraw this consent at any time. 
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Name: __________________________________________________________________ 

 

Signature: ____________________________________________________ Date: 
___________________________ 
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CONSENT TO USE PHOTOGRAPHS IN TEACHING, PRESENTATIONS, and/or 
PUBLICATIONS  

 
Title of Project: Investigating neuromuscular control using haptic feedback 
 

Principal Investigators:  Dr. Michael Holmes 
Assistant Professor 
Department of Kinesiology 
Brock University 
 

 
 
 

Sometimes a certain photograph clearly demonstrates a particular feature or detail that would be helpful in 
teaching or when presenting the study results at a scientific conference or in a publication.  

 

 

I agree to allow photographs in which I appear to be used in teaching, scientific presentations and/or 
publications with the understanding that I will not be identified by name.  I am aware that I may withdraw 
this consent at any time without penalty, and the photograph will be confidentially deleted. 

I was informed that if I have any comments or concerns resulting from my participation in this study, I may 
contact the Research Ethics Office at (905) 688-5550 Ext. 3035, reb@brocku.ca.  

 

 

__________________________             _______________________________ 

Printed Name of Participant                     Signature of Participant  

 

 

_________________________                _______________________________ 

Dated at Brock University                        Witnessed  
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Appendix C – Participant Screening Form 

Neuromuscular Mechanics and Ergonomics Laboratory 
Participant screening/participation form 
 
Subject ID ___________________________________ 

Date of Birth  _____________________________ 

Date ____________________________________ 

 

 

 
Questions: 

1. Male or Female? (circle) 
 

2. Age: ____________ 
 

3. Previous upper extremity injury?   Yes   /   No   (circle) 
 
If Yes, please identify (list) any injuries that you have had in the past 12 months and 
when it occurred (e.g. sprained wrist, 2 months ago): 
 
Some examples may include, but are not limited to: muscle strain/sprain, ligament 
strain/strain, bone/joint pain, neurological impairments, etc. 
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Appendix D – Data Collection Sheet 

Participant Information 
 
Name______________________________________  Date___________________ 
 
Height_______ (cm) Weight________(Kg) Age________ (Years)
 Handedness___________ 
 
Checklist 
 
Familiarization with Robot  
 
EMG ORDER:  1 -> FCR 2-> FDS  3-> FCU  4 -> ECR 5 -> ED 

6 -> ECU 7 -> BR               8 -> Biceps 
 
Check EMG signals/adjust gain  
 
Max Grip Force: _________ (N)       Wrist Moment:_______(cm) 
 
EMG Normalization: Perform 8 muscle-specific MVEs  
 
Adjust Robot height     Mark hand position on robot  
 
Elbow Angle: __________Shoulder Abd: ___________ Shoulder Flexion:  _______________ 

 
MARK HAND POSITION ON ROBOT 

 

Flexion  Extension 

Known Radial: ______  Known Radial: ______ 

Known Ulnar: ______  Known Ulnar: ______ 

Unknown Radial: ______  Unknown Radial: ______ 

Unknown Ulnar: ______  Unknown Ulnar: ______ 

 
Post Max Grip:_________ 
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