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The study of neuromuscular control of movement in humans is accomplished with numerous technologies. Non-invasive methods for
investigating neuromuscular function include transcranial magnetic stimulation, electromyography, and three-dimensional motion capture. The
advent of readily available and cost-effective virtual reality solutions has expanded the capabilities of researchers in recreating “real-world”
environments and movements in a laboratory setting. Naturalistic movement analysis will not only garner a greater understanding of motor
control in healthy individuals, but also permit the design of experiments and rehabilitation strategies that target specific motor impairments
(e.g. stroke). The combined use of these tools will lead to increasingly deeper understanding of neural mechanisms of motor control. A

key requirement when combining these data acquisition systems is fine temporal correspondence between the various data streams. This
protocol describes a multifunctional system’s overall connectivity, intersystem signaling, and the temporal synchronization of recorded data.
Synchronization of the component systems is primarily accomplished through the use of a customizable circuit, readily made with off the shelf
components and minimal electronics assembly skills.

Video Link

The video component of this article can be found at http://www.jove.com/video/52906/

Introduction

Virtual reality (VR) is rapidly becoming an accessible research tool for use in a number of fields, including the study of human motion. The study
of upper limb movement is especially benefited by incorporating VR. Virtual reality permits the rapid customization of experimental parameters
designed to investigate specific kinematic and dynamic features of arm movement control. These parameters can be individually adjusted for
each subject. For example, the locations of virtual targets can be scaled to ensure identical initial arm posture across subjects. Virtual reality also
allows the manipulation of visual feedback during experiments, which is an invaluable tool in visuomotor research'™.

The use of realistic VR environments with other biomechanical tools will also permit naturalistic movement scenarios in which to test movement
patterns. This arrangement is becoming increasingly valuable to the study and practice of rehabilitation after disease and injury6‘7. Mimicking
naturalistic movements and environments (e.g. performing movements in a virtual kitchen) in a clinical setting will enable rehabilitation specialists
to more precisely describe an individual's impairments in a real-world context. Highly individualized impairment descriptions will allow for more
focused treatment strategies, potentially increasing the efficacy and reducing the duration of rehabilitation.

Combining VR with other tools such as transcranial magnetic stimulation (TMS), surface electromyography (EMG), and full body motion
capture, creates an extremely powerful and flexible platform for studying the neuromuscular control of movement in humans. Transcranial
magnetic stimulation is a powerful non-invasive method of measuring the excitability and functional integrity of descending motor pathways (e.g.
corticospinal tract) through EMG responses such as motor evoked potentials (MEPs)s. Modern three-dimensional motion capture systems also
enable researchers to study neuromuscular activity together with resulting movement kinematics and dynamics. This permits the creation of
extremely detailed models of the musculoskeletal system as well as the testing of hypotheses regarding the structure and function of neural
controllers. These studies will expand our scientific knowledge of the human sensorimotor system and lead to improvements in treatment of
musculoskeletal and neurological disorders.

However, one major problem with multifunctional systems is the synchronization of separately recorded data streams (e.g. motion capture, EMG,
etc.). The goal of this protocol is to describe a generalizable arrangement of common commercially available systems to simultaneously record
biomechanical and physiological measurements during movement. Other investigators using equipment from different manufacturers may have
to alter elements of this protocaol to fit their specific needs. However, general principles from this protocol should still be applicable.
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All participants involved in experimentation undergo informed consent procedures approved by the West Virginia University Institutional Review
Board (IRB).

1. Overall System Characteristics, Design, and General Experimental Task

Note: The complete setup is comprised of the following major components: EMG equipment and associated digital acquisition (DAQ) equipment;
a motion capture system (this protocol incorporates an active LED system); a TMS unit with a figure-of-eight coil and stereotaxic localization
equipment; a VR headset and associated computer and software; and a custom synchronization circuit. Figure 1 schematically outlines the
connectivity between the protocol components.

1. Connection of System Components

Connect EMG pre-amplifier to main amplifier.

Connect output of EMG amplifier to DAQ recording equipment input block using BNC or similar connections.

Connect DAQ recording equipment to dedicated computer that will execute a data acquisition script (supplementary file).

Connect VR control computer parallel output to custom circuit unit (see next section for details).

Connect synchronization and motion capture triggering outputs from custom circuit to DAQ recording block alongside EMG signal

connections.

Split motion capture trigger and connect it to the “Analog Input Start” port on the EMG DAQ equipment as well as the trigger connection

on the computer that controls motion capture equipment.

Note: The temporal difference between the beginnings of the respective data acquisition streams for the described equipment (motion

capture and EMG) can range from 160-190 msec. This temporal difference motivated the design of the synchronization circuit

described in this protocol and is likely caused by the software and hardware differences between these two systems.

7. Connect TMS trigger port on custom circuit unit to BNC input trigger on the TMS control unit.

8. Establish network connectivity between the VR and motion capture computers using vendor-provided software and physical network
connections.

9. Connect VR headset to VR computer and ensure operability with any scripts/programs that display virtual environments to participants.
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Figure 1: Connectivity of entire setup. This layout describes the general connectivity between the elements of our system. The
synchronization circuit is described elsewhere in the text in more detail. The blue trace corresponds to the signal that starts both motion capture
and EMG data streams. This event is the source of the temporal delay of up to 190 msec using the equipment described in this protocol. The
red trace corresponds to the VR-initiated synchronization event that is concomitantly recorded by the motion capture and EMG systems and
subsequently used for temporal alignment of the respective data streams. Please click here to view a larger version of this figure.
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2. General Details of System Integration and Synchronization

Note: Synchronization of the separate data acquisition systems in this protocol (motion capture and EMG) is accomplished through the use of an
event signal that is common to all recording streams. Using a common event, all of the signals can be temporally realigned after data collection
to minimize real-time recording discrepancies (upwards of 190 msec using the equipment in this protocol). In this protocol, the common signal
originates from the VR system as a parallel port signal. The common signal is routed to a circuit that permits synchronization of the separate data
streams through direct recording with EMG signals and by simultaneously turning off a motion capture LED. The circuit is constructed using basic
tools and techniques for building electronic components, similar to circuits described elsewhere’.

1. Design, Layout, and Construction of Synchronization Circuit

1.

Identify any analog TTL-based triggering mechanisms on equipment control units (e.g. TMS, motion capture) and become familiar with
triggering requirements such as TTL pulse direction (positive/negative) and amplitude. Analog triggering mechanisms often possess
common “BNC” coaxial connectors that make connecting components simple.

Add an additional LED to the motion capture system to be used for signal synchronization; route the LED’s wires through the
synchronization circuit (Figure 3).

Determine the electrical component parameters (i.e. resistance, capacitance) needed to turn off the synchronizing LED for a specific
amount of time. Find the amount of time that the circuit’s syncing LED is turned off by the equation: t = 1.1*R1*C1. This time is
suggested to be less than the average duration of an experimental movement. For example, the currently described experiment
required a resistor and capacitor rated at approximately one megaohm and one microfarad, respectively.

Use a soldering iron to adhere electrical components to a printed “protoyping” or “project” circuit board following the schematic shown
in Figure 3. Enclose this circuit in a commonly available plastic “project” box; it will likely be necessary to drill holes in this box for the
BNC connectors. The circuit can readily be powered by 5 V USB power from a desktop computer; it will be necessary to deconstruct
a USB cable to isolate the power and ground wires. Bypass capacitors may also be needed to regulate the power to the 555 chip (not
shown in Figure 3).

Inspect the circuit board for any unintended solder bridges between electrical components. If found, remove solder with a suction tool
or heat the solder and mechanically remove the bridging connection.
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Figure 2: Trial flowchart. This flowchart outlines the stimulus and signal events that occur during a typical experimental trial that includes TMS

stimulation. Parallel port codes that occur throughout a trial are shown in the DB25 schematic symbols (light blue).

2. Synchronization Details
1. Using a flowchart similar to Figure 2, determine when individual pieces of equipment should be triggered during the course of an

experimental movement. For example, some equipment may be individually triggered, while others may be simultaneously triggered.

2. At time points that require triggering or signaling (e.g. blue parallel port symbols in Figure 2), determine which parallel ports signal lines
to use and incorporate them into the VR system. This is accomplished by sending numerical values to the parallel port at the specified
times during movements, each line representing a binary digit. For more details about parallel port based signaling, please refer to the

Discussion.
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Figure 3: Synchronization Circuit. This schematic displays the layout of our custom synchronization circuit. The default output of the NAND
gate is a high voltage state; this voltage output is sent to the gate of a transistor through which the sync LED’s circuit is routed. This default state
renders the circuit closed, which maintains the LED in a lighted state. Upon receiving a sync trigger parallel port signal (red trace in inset), an
internal state of the 555 device is flipped rendering the output into a high state, shutting off the LED (blue trace). When this occurs, the voltage
on C1 (green trace) builds up to a voltage that resets the internal state of the 555, reactivating the LED. The parallel port sync trigger signal is
also directly routed to a BNC connector that is connected to the TMS input trigger port. Note: The direction of this trigger signal may have to be
reversed (from positive- to negative-going or vice-versa) depending on an investigator’s specific equipment requirements. The addition of an
“inverter” chip on this trigger output would easily accomplish this task. Please click here to view a larger version of this figure.

3. Experimental Procedures

1. Safety Procedures and Informed Consent

1.

2.

3.

Ensure that all experimental procedures are approved by an Institutional Review Board (IRB). Explain all procedures to participants
and acquire informed consent with IRB approved documentation.

After acquiring informed consent, conduct a basic TMS safety screening with participants to ensure they do not have tinnitus, a family
history of epilepsy or seizures, or other conditions with elevated risks of seizure.

During TMS stimulation, strictly require the use of protective earplugs to prevent hearing damage.

2. Electromyography Collection
1.

Depending on the scientific goals of a reader’s study, determine from which arm muscles to record EMG signals. For the study
described in this protocol, torques generated at the shoulder and elbow during movement were investigated. Thus, EMG signals
recorded were from the major superficial muscles that act on these two joints, such as the deltoid, pectoralis, biceps, triceps, and
brachioradialis.

Make all necessary electrical connections between various EMG equipment including amplifiers, preamplifiers, sensor wires, and
sensor pads according to the manufacturer’s specifications by connecting matching connectors.

Prepare each electrode site by lightly cleaning it with an alcohol swab, removing any excessive hair with a razor, and by applying a mild
abrasive gel. Proper site preparation will ensure consistent and low electrode-to-skin impedance values (<10 kOhms) and high signal-
to-noise ratio of recorded EMG signals.

Have subjects perform isometric contractions designed to isolate individual muscles of interest based upon accepted anatomical and
biomechanical descriptionsm. For example, to isolate the biceps, ask the participant to resist an imposed extension of the elbow.

After having subjects perform muscle-isolating contractions, affix differential bipolar EMG electrodes over the thickest, central portion,
or “belly”, of each muscle at accepted locations'". This ensures coverage of a maximal number of muscle fibers and minimizes
“crosstalk” between neighboring muscles. Be sure to align the bipolar electrodes’ longest axes along the muscles, parallel to the fibers.
Affix the EMG ground electrode according to equipment specifications (e.g. the skin over the C7 vertebra).

Record amplified EMG signals through DAQ equipment controlled by a custom computer script. The script used in the current protocol
is attached as a supplementary file.

Adjust gains applied to recorded signals to desired level by moving dials on the EMG preamplifier. Avoid gain values that cause
recorded signals to exceed the input range of the recording equipment (typically 5V). Common EMG gain values are between
1,000-4,000.

Perform similar isometric contractions to those performed in step 3.2.4 and visually inspect EMG signals to ensure that they are of high
quality (i.e. high signal-to-noise ratio). Reposition electrodes and change the signal gain if necessary.

3. Motion Capture System Preparation

1.
2.

Calibrate motion tracking cameras using vendor-supplied instructions and equipment according to manufacturer’s instructions.

Using tape and other wrapping materials, attach active LED sensors to bony landmarks near the joints of the arm and other anatomical
points of interest used in the construction of biomechanical models: the distal phalanx of the index finger, radial and ulnar styloid
processes at the wrist, olecranon process at the elbow, coracoid and acromion processes of the shoulder, sternoclavicular notch,
xiphoid process, and spinous process of C7. Attach another LED to the VR headset to set the view point in the virtual environment.
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3.

4.

Connect each LED to a wiring harness that is attached to the wireless driver unit. Turn on driver unit and ensure proper illumination of
all LEDs.
Position the synchronization LED in a convenient location away from the subject, but within clear view of the cameras.

4. Transcranial Magnetic Stimulation Stereotaxic Localization

1.

Calibrate hardware and software designed for TMS registration12, to allow for accurate coil placement. This generally involves co-
registering TMS coils with anatomical landmarks such as the nasion, preauricular points, and nose tip. Stereotaxic registration between
a participant and the stimulation coil is integral to consistent stimulation localization.

5. MEP Hot-spot Localization and MEP Threshold Pprocedures

1.

Perform so-called “hot-spot” techniq3ues to locate TMS-sensitive regions of cortex that produce the greatest amplitude MEPs with the
lowest threshold upon stimulation®"*". Transcranial magnetic stimulation for studyinsg motor systems typically involves stimulating a
cortical area that controls movement in a specific body part (e.g. the arm and hand)1 .

Record the location of any ideal stimulation sites on the participants scalp with the calibrated stereotaxic registration equipment and
associated software. After each location is recorded with the software, ensure its accuracy by relocating the spot and stimulating again,
looking for similar MEP responses.

6. Behavioral Task in Virtual Reality

1.

Design the parameters of the behavioral task (e.g. reaching movements) to be used in the experiment. In the current study, the task
is to reach to virtual targets placed sequentially in different spatial locations. The size of the targets defines the accuracy with which
the participants move. Design the movements such that varying directions and magnitudes of joint torques are evoked as participants
reach for targets.

Setup the VR environment that guides subjects through the behavioral task using commercial VR software that is compatible with

the headset and motion tracking system according to the manufacturer’s protocol. Become familiar with the software package’s
required computational resources and programming language requirements. Common VR software packages have the ability to be
programmed with languages including Python, C++, C#, and others. Additionally, program analog outputs through the parallel port for
synchronization and marking of specific events of interest (Figure 2). In the current experiment, the VR software outputs events at the
start of each repetition of the task and at times of desired TMS stimulation.

Connect the VR output to the synchronization circuit (Figure 3) and/or the other equipment to be synchronized using cables with
matching connectors.

Instruct subjects to perform the VR behavioral task. In the current study, the VR environment was presented using a head-mounted
display in which participants viewed arrays of spherical targets. Using the VR software, program specific movement sequences by
altering the appearance of targets (color, location, etc.) and familiarize participants with these actions. Additionally inform participants of
any other desired movement constraints. For example, participants in the current study were asked to keep all arm segments within a
vertical plane of movement while reaching for targets.

Once participants are accustomed to the experimental movements, record EMG and motion capture data, and synchronizing signals
using custom scripts or vendor-supplied software packages. Adjust the sampling rate of each data acquisition system to desired
values; additionally become familiar with and adjust any manufacturer-specific parameters such as motion-tracking LED intensity.

Representative Results

Synchronization of the numerous data streams in this setup allows one to record the kinematics, continuous muscle activity (EMG), and
instantaneous neuromuscular activity (MEPSs) that occur during movements of the upper limb. Repeated trials of a given movement are required
to reconstruct MEP response profiles over an entire movement. Figure 4 displays data collected from one subject. Figure 4A shows an example
of these data streams during a single trial with the corresponding synchronization signals and events. Temporal alignment of the signals with
respect to the synchronization event is a simple post-hoc procedure using signal analysis software (the signals are “shifted” in time using the
synchronization event as a common temporal anchor). Signals can then be time-normalized by the duration of each movement trial. Without
synchronization, the EMG and motion capture data streams can have a temporal discrepancy as great as 160-190 msec. However, by utilizing
synchronization in addition to widely used TTL signaling, users should expect to minimize temporal errors between data streams to the limit of
the sampling frequencies of their signals (approximately one msec in this example). Figure 4B shows average angular kinematics and dynamics
across 24 trials for a single movement, the long head of the biceps EMG profile from trials without TMS during the same movements, and the
corresponding reconstructed MEP profiles from trials with single-pulse TMS during movement to the same targets.
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Figure 4: Alignment of EMG and Motion Capture. (A) Representative signals that are recorded during an experimental trial are displayed

in the left column of charts. The blue and red circles correspond to the same VR-generated synchronization event recorded by two separate
pieces of equipment (illustrated by dividing black line). These time points and respective data are later temporally aligned using custom software.
The difference between these two time points can be upwards of 190 msec using when using the equipment described in this protocol; other
investigators using different equipment may experience different delays. (B) After temporal alignment, averaged data can be created to describe
the physiological, kinematic, and dynamic features of a movement. These data represent 24 trials of the same movement; the bars on the Bicep
MEPs graph and the shaded areas on other graphs represent standard deviation. These data can subsequently be used to describe potential
descending motor control signals with respect to muscle activity and movement kinematics and dynamics.

The objective of this article is to describe a method for incorporating VR into the study of human motion and a method for synchronizing various
data streams. Virtual Reality will expand the capabilities of researchers that attempt to recreate real-world movement scenarios in a laboratory
setting. Combining VR with other neuromuscular recording and stimulus methodologies forms a powerful suite of tools for comprehensively
studying human motor control mechanisms. The resulting multidimensional datasets obtained during meticulously designed experiments can
deepen our understanding of the neural control of movement.

One of the more important features of this system is the ability to synchronize electrophysiological and motion capture data streams with
common VR-generated events. The custom circuit described in this protocol serves as a flexible, cost-effective foundation that can be

altered to satisfy the unique requirements of other experimental paradigms and equipment, similar to solutions in other fields®. The common
synchronization event is a parallel output command that originates from the computer that operates our VR software. The benefits of a standard
parallel interface are its simplicity, speed, and flexibility. Within a parallel interface there are eight independent data lines, each representing a
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binary digit from 2% to 27; the sum of these digits can equal a range of numbers from 0 to 255. Each of the respective data lines can be utilized
as separate and simultaneous trigger signals to interface with numerous systems. These trigger signals are usually simple square-wave voltage
signals, commonly referred to as TTL signals or pulses.

During a movement trial, the common synchronization event is initiated based upon a participant’s location in a virtual environment tracked using
an infrared LED-based motion capture system. The synchronization event signal (TTL) from our VR software is routed to the custom circuit
which is designed to simultaneously transmit the VR synchronization event to our EMG data and motion capture streams (Figure 3). The EMG
system records the TTL pulse with ongoing muscle activity. The VR signal is also routed through the active portion of the circuit, which controls
the power supply to an LED from the motion capture system. Upon receiving the TTL pulse, the re-routed LED is turned off for a short period of
time. This event is recorded by the motion capture system and is temporally synchronous with the TTL pulse recorded by the EMG system. This
event can subsequently be used to align the signals for analyses.

The active portion of the circuit (schematic shown in Figure 3) is primarily based upon a specific integrated circuit (IC) or “chip”, commonly
known as a “555 timer circuit”'®. The output of the 555 timing circuit (normally a low voltage) enters into a NAND (Negated AND) gate along with
a constant voltage provided by the USB power. A NAND gate is an electrical logic component that outputs a low value (i.e. 0V) when the two
inputs are high (e.g. rail voltage). The inset in Figure 3 details the operation of our circuit upon receiving a synchronization event signal. The
duration that the circuit turns off the LED depends on the values used for R1 and C1, and is found by the equation: t = 1.1*R1*C1. The currently
described experiment required resistance and capacitance values of one megaohm and one microfarad, respectively, to produce synchronization
light quiescence shorter than the duration of a typical movement (approximately one second for this design).

The current protocol’'s method for synchronization has numerous benefits over commercially available options. The circuit components and
necessary tools for its assembly are readily available at electrical component suppliers for minimal cost®. Additionally, a simple hardware-based
solution for synchronization allows experimenters to more easily debug problems that may arise during experimental sessions. Finally, by utilizing
fairly ubiquitous TTL signaling, one can easily adapt to new experimental designs that utilize different methodologies and equipment (e.g.

EEG). A potential disadvantage of the multifunctional system described in this protocol is the complexity of experimental setups with numerous
data collection systems. This can result in long experimental sessions, participant fatigue, and multiple opportunities for system failures.
Experimenters can minimize problems through designing succinct experimental paradigms that aim to investigate very specific neuromuscular
phenomena.

The circuit and overall synchronization procedure implemented in this protocol aimed to provide generalizable guidelines for performing
biomechanical experiments with multiple, simultaneously recorded data streams. The protocol describes procedures to synchronize data streams
from any equipment with analog inputs or triggers or LED signals. However, investigators using passive motion tracking systems without LEDs,
will likely have to alter the currently described solution. Systems with passive motion capture and other recording and stimulating equipment that
is digitally triggered will not need to rely on the synchronizing circuit. Instead, such systems would rely upon custom software-based solutions,
the design of which can be inferred from the example of the current system. Thus, the protocol provides generalizable principles to assist
designing solutions for other unique scenarios.
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