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Abstract

Magnetic resonance elastography (MRE) is a technique for determining the mechanical response 

of soft materials using applied harmonic deformation of the material and a motion sensitive 

magnetic resonance imaging (MRI) sequence. Use of this technique on human tissue (e.g. liver, 

brain) can elucidate significant information about its health and development, and this technique 

has been used on phantom models (e.g. Agar, silicone) to determine their suitability for use 

as a mechanical surrogate for human tissues in experimental models. The applied harmonic 

deformation used in MRE is generated by an actuator, transmitted in bursts of a specified duration 

and synchronized with the magnetic resonance (MR) signal excitation. These actuators are most 

commonly either a pneumatic design (common for human tissues or phantoms) or a piezoelectric 

design (common for small animal tissues or phantoms). Here, we describe how to design and 

assemble both a pneumatic MRE actuator and a piezoelectric MRE actuator for research purposes. 

For each of these actuator types, we discuss displacement requirements, end-effector options 

and challenges, electronic and electronic driving requirements and considerations, and full MRE 

implementation. We also discuss how to choose actuator type, size, and power based on intended 

material and use.

Basic Protocol 1: Design, Construction, and Implementation of a Convertible Pneumatic MRE 

Actuator for Use with Multiple Tissue Types

Basic Protocol 2: Design, Construction, and Implementation of a Piezoelectric MRE Actuator 

for Localized Excitation in Phantom Models
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INTRODUCTION:

Historically, pathologies such as tumors or lesions have been identified by physicians 

by manually palpating soft tissue to compare mechanical properties of healthy tissue to 

potentially malignant tissues. However, for internal organs, such as the brain, this technique 

is not feasible. Therefore, it was necessary for a secondary method of producing these 

results, or even more accurate results, to be developed, such as Magnetic Resonance 

Elastography (MRE)(Hirsch et al., 2017; Muthupillai et al., 1996). Elastography is a 

technique for determining the mechanical response of a material using applied deformation 

of that material and a motion-sensitive imaging modality(Greenleaf et al., 1996). There 

are many different methods to apply the necessary force for tissue deformation in 

elastography, and magnetic resonance imaging (MRI) is a popular method of detection 

of the tissue deformation. In MRE, or the process of performing elastography using MRI, 

the most common form of recurrently deforming tissue in a controlled manner is through 

harmonic vibration(Greenleaf et al., 2000). Viscoelastic models are used to extract structural 

information from MRE measurements by establishing a mathematical relationship between 

the harmonic vibration applied and the resulting deformation of the tissue(Kurt et al., 2019; 

Kwon et al., 2009; Manduca et al., 2002; Papazoglou et al., 2012; Van Houten et al., 2001; 

M. Yin et al., 2007). Performing MRE on brain tissue can provide information on different 

structures within brain tissue based on their mechanical properties (i.e., magnitude of the 

complex shear modulus, damping ratio), such as cell density, myelination, inflammation, 

and functional activation(Fehlner et al., 2014; Guo et al., 2013; Hiscox et al., 2018, 2020; 

Huston et al., 2015, 2016; Johnson et al., 2016; Kurt et al., 2019; McIlvain et al., 2018; 

Murphy et al., 2016; Pattison et al., 2009; Perry et al., 2017; Sack et al., 2009, 2011; 

Streitberger et al., 2011; Zhang et al., 2011). These mechanical parameters (i.e., magnitude 

of the complex shear modulus, damping ratio) can then be used to diagnose pathologies such 

as multiple sclerosis (MS), Alzheimer’s disease, and Parkinson’s disease, or indicate disease 

progress(ElSheikh et al., 2017; Gerischer et al., 2016; Hiscox et al., 2019; Johnson et al., 

2017; Lipp et al., 2013, 2018; Murphy et al., 2011, 2016; Streitberger et al., 2012; Wuerfel 

et al., 2010). Additionally, because tissue is viscoelastic, the mechanical response of tissue is 

dependent on loading speed, or in the case of MRE, the frequency of actuation. Therefore, 

some studies use multifrequency MRE, in which the vibration is applied and encoded at 

different frequencies to determine the viscoelasticity(Kurt et al., 2019; Lipp et al., 2013; 

Neumann, Lehnart, et al., 2018; E Ozkaya et al., 2021).

When performing MRE on any tissue type, harmonic vibration must be induced in the 

tissue in synchronization with the motion encoding gradient (MEG) (Hirsch et al., 2017; 

Muthupillai et al., 1996). This process requires a type of harmonic actuator that can be 

used to actuate tissue inside the MRI machine. Therefore, this actuator must be magnetic 

resonance (MR) compatible, or at least the part of the driver unit that is used inside the 

scanner room should be MR compatible. In general, there are three main categories of 

actuators. First, there are indirect actuators that use an active driver outside of the scanner 

room and a passive driver inside the scanner(Asbach et al., 2008; Chang et al., 2016; Chaze 

et al., 2019; Feng et al., 2018; Freimann et al., 2012; Gruwel et al., 2010; Latta et al., 2011; 

Meng Yin et al., 2008). In this type of actuator, usually pneumatic, an active driver that 
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generates the vibration is placed in the control room as opposed to in the scanner room, and 

a passive driver is placed inside the scanner, in contact with the tissue of interest(Asbach 

et al., 2008; Chang et al., 2016; Chaze et al., 2019; Feng et al., 2018; Freimann et al., 

2012; Gruwel et al., 2010; Latta et al., 2011; Meng Yin et al., 2008). A long rod or tube 

is then used to transmit the vibration from the active driver to the passive driver(Asbach 

et al., 2008; Chang et al., 2016; Chaze et al., 2019; Feng et al., 2018; Freimann et al., 

2012; Gruwel et al., 2010; Latta et al., 2011; Meng Yin et al., 2008). The Resoundant, 

a pneumatic MRE device, is used by clinicians to diagnose liver fibrosis without a tissue 

biopsy (MR Elastography | Resoundant Inc., n.d.). The passive component of this device has 

also been altered in various studies investigating the human brain and phantoms(Badachhape 

et al., 2018; Chaze et al., 2019; Hiscox et al., 2018; Zheng et al., 2007). To the best of our 

knowledge, this is the only commercially available MRE actuator and has been extensively 

tested in various studies across different organ systems(Tse et al., 2009; Venkatesh et 

al., 2013). The advantage of using a pneumatic actuator is that custom built versions are 

inexpensive and have a simple design, and pneumatic actuators in general allow for precise 

control with good MR compatibility of the passive driver(Latta et al., 2011). However, these 

designs typically have phase lag and therefore difficulties in synchronization control due to 

the long transmission tubes or rods necessary to transmit vibration(Neumann, Lehnart, et al., 

2018). These are typically the designs used for brain MRE due to their versatility and ability 

to produce large enough actuation amplitude(Chaze et al., 2019; Freimann et al., 2012; Sack 

et al., 2009).

A second category of actuator takes advantage of the static magnetic field by using an 

electromagnetic coil/coil(s) to induce vibration. Current passing through an electromagnetic 

coil results in an oscillating magnetic field. Based on Lorentz Law, if the surface normal 

vector of the coil is perpendicular to the static magnetic field of the MRI machine, a rotary 

motion is generated(Uffmann et al., 2001). This rotary motion is then transferred to the 

tissue using some type of vibration pad or bite-bar (for brain MRE)(Hamhaber et al., 2003, 

2010; Liu et al., 2009; Sack et al., 2002; M. Suga et al., 2003; Uffmann et al., 2001). 

This type of design is inexpensive as well, and can be manufactured using standard metal 

machining equipment(Tse et al., 2009). Also, a wide range of frequencies and displacements 

can be produced by changing the thickness of wire, amount of current, number of coils, and 

radius of coils(Uffmann et al., 2001). However, this design is not commonly used anymore 

and, generally, the application of this design is limited due to the MRI safety challenges 

associated with its metallic structure. Two main drawbacks are also that the coil is mostly 

inflexible in terms of positioning, and the induced magnetic field can potentially cause 

artifacts in the image(Tse et al., 2009). The third category of actuator category uses an active 

vibrational component that directly interfaces with the tissue, as opposed to the previous two 

categories where the active component is a distance away from the tissue and relies on a 

rod, pad, or pillow to transmit vibration over a distance. For this type of actuator, the entire 

unit has to be MR compatible and small enough to attach to the tissue of interest. The units 

are usually driven by air pressureor piezoelectric crystals(Brauck et al., 2007; Gordon-Wylie 

et al., 2018; Meinhold et al., 2019; Namani et al., 2009; Neumann, Bichert, et al., 2018; 

Numano et al., 2013; E Ozkaya et al., 2021; Rossman et al., 2003; Runge et al., 2019; 

Uffmann et al., 2002; Z. Yin et al., 2017). The main drawback for this type of device is that 
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they are usually quite bulky and have difficulty in attaching to the tissue of interest(Tse et 

al., 2009). Typically, this type of actuator, particularly the piezoelectric actuators, are more 

commonly used for MRE of small animals or phantoms (Brauck et al., 2007; Meinhold et 

al., 2019; Namani et al., 2009; E Ozkaya et al., 2021; Rossman et al., 2003; Uffmann et al., 

2002; Z. Yin et al., 2017).

There is currently a need for research specific MRE actuators for various tissue types 

at multiple field strengths. While there are other device design papers that describe a 

specific custom pneumatic actuator (e.g., (Feng et al., 2018; Latta et al., 2011)) for 

research purposes, there are no papers that describe how to design, build, and implement 

an MRE actuator in general. In designing the MRE actuators used in our research lab, we 

encountered many questions and challenges regarding their design and construction. In this 

paper, we endeavor to answer such questions and provide guidance for other laboratories 

attempting to design and implement their own MRE system for research studies in tissue or 

phantom mechanics. We also aim to offer validation methods and part selection guidelines 

for various MRE actuator applications. Here, we describe how to design and assemble both a 

pneumatic MRE actuator and a piezoelectric MRE actuator using all commercially available 

electronic components for research purposes. For each of these actuator types, we discuss 

displacement requirements, end-effector options and challenges, electronic and electronic 

driving requirements, and considerations, and full MRE implementation. We also discuss 

how to choose actuator type, size, and power based on intended material and use.

BASIC PROTOCOL 1:

Design, Construction, and Implementation of a Convertible Pneumatic MRE Actuator for 
Use with Multiple Tissue Types

The objective of Basic Protocol 1 is to design, construct, and implement a convertible 

pneumatic MRE actuator for research purposes on multiple tissue types using all 

commercially available electronic components. This protocol can be utilized to develop 

an actuator for MRE of the human brain, other human tissue, or phantom. In this protocol, 

we specifically focus on construction of an end-effector for either distributed vibration at 

the surface of a phantom or for the brain, however, this research pneumatic actuator design 

can be used for most tissue types. To convert the device to be used on a different tissue 

type, the design of the tissue-contacting end effector can be altered. Additionally, while how 

to construct and implement a pneumatic actuator using specific electronic components is 

described in this protocol, in the event that requirements for the desired actuator are different 

or the components are not available for purchase in a particular location, how to select 

different components are also discussed.

Materials: A full description of each component as it appears in our configuration is listed 

next to the general component name in italics. These components can be replaced with those 

that perform the same function, as described in the protocol.

Active Actuation components:  Rubber-coned Subwoofer in an enclosure: MTX Audio 
Terminator Series TNE212D 1,200-Watt Dual 12-Inch Sub Enclosure
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Class-D Audio Power Amplifier: Behringer Monitor Speaker And Subwoofer Part 
(NX3000)

Signal generator: RIGOL DG1022 Series Dual-Channel Function/Arbitrary Waveform 
Generator

Appropriate cabling for active components:

• Banana to Speakon Male Speaker Wire Audio Adapter

• Eightwood 75ohm BNC Plug Male to 3.5MM Mono Male Coaxial Power Audio 

Cable 3 feet,

• MillSO Headphone Adapter (10 Feet) TRS 1/4 Male to 3.5mm Female Stereo 

Jack,

• Monoprice 75-ohm BNC Male connector BNC Cable - 10 Feet

Passive End Effector Components:  Anycubic i3 Mega 3-D Printer (or similar machine)

Thermoplastic Polyurethane (TPU) 3-D Printer Filament: Overture TPU Filament 1.75mm, 
1kg Spool

Polylactic Acid (PLA) 3-D Printer Filament: eSUN PLA PRO (PLA+) 3D Printer Filament, 
1kg Spool, 1.75mm, Gray

Cyanoacrylate glue: BSI MAXI-CURE Cyanoacrylate glue

Stiff rubber tubing: McMaster-Carr: Firm Clear Polyurethane Rubber Tubing for Drinking 
Water, Clear, 3/4” ID, 1–1/16” OD, 25 ft. Length (Catalog 5439K25)

1/8” thickness acrylic sheet: McMaster-Carr: Clear Scratch- and UV-Rst Cast Acrylic Sheet 
48” X 48” X 1/8

CNC machine, laser cutter, or jigsaw and power drill

Hex key set or screwdriver set (dependent on screws used on selected subwoofer)

Hot glue gun and hot glue or caulking silicone

Clamps

MRI-Compatible tape

MRI- Compatible adhesive bandage

Protocol Steps with Step Annotations

Component Selection

1. Select an appropriate rubber-coned subwoofer and corresponding Class-D audio 

power amplifier based on the intended use. The frequency response of the 

subwoofer and amplifier should be an appropriate range for the human tissue 
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being imaged, generally 45–80Hz for the heart(Arani, Glaser, et al., 2017; 

Barnhill et al., 2017; Rump et al., 2007; Wassenaar et al., 2016), 40–70Hz 

for the kidney or liver(Asbach et al., 2010; Dittmann et al., 2017; Etchell et 

al., 2017; Feng et al., 2018; Lee et al., 2012; Marticorena Garcia et al., 2018; 

Morisaka et al., 2017; Sack et al., 2013), 30–150Hz for skeletal muscle(Barnhill 

et al., 2013; Bensamoun et al., 2006; Hollis et al., 2016; Kennedy et al., 2020; 

Papazoglou et al., 2006; Sack et al., 2002, 2013; Mikio Suga et al., 2001), 40–60 

for the pancreas(Dittmann et al., 2017; Shi et al., 2015, 2018), 65–300Hz for the 

breast(Hawley et al., 2017; Plewes et al., 2000; Van Houten et al., 2003), or 25–

100Hz for the brain(Guo et al., 2013; Hamhaber et al., 2010; Hiscox et al., 2020; 

Johnson et al., 2016; Kurt et al., 2019; Efe Ozkaya et al., 2021; Xu et al., 2007; 

Zhang et al., 2011). The maximum power output of the audio amplifier should be 

greater than the maximum power handling of the subwoofer at the impedance of 

the subwoofer for obtaining the maximum amplitude the subwoofer is capable of 

outputting.

a. Power and Impedance Selection Considerations: For performing 

MRE of the human brain and a phantom, we selected a dual 12-

inch sealed enclosure with a 1200W maximum power handling at 

2ohms impedance (bottom component shown in Figure 2(a) and shown 

modified in Figure 2(b)), and a 2-channel class-D power amplifier with 

1500W maximum deliverable power per channel at 2ohm impedance 

(top component shown in Figure 2(b)).

Audio equipment typically has an impedance of 2ohms or 

4ohms. Most equipment specifications of subwoofers list one 

or the other, but technical specifications of amplifier will list 

both, as they can usually amplify at either impedance. Note 

the impedance of the subwoofer to ensure that the correct 

specifications are being considered for the amplifier.

b. Amplitude Selection Considerations: In our configuration, while both 

cones are driven simultaneously, only one 12-inch cone is supplying 

air into the passive driver components. This amplitude is more than 

sufficient for applying vibration to a phantom material (less than half 

power selected on the amplifier) and sufficient for providing vibration 

to the human brain (between 2/3 to maximum power selected on the 

amplifier).

For any speaker, the maximum volume of air that a cone 

can move, or its Peak Diaphragm displacement Volume 

can be calculated by multiplying twice the maximum linear 

excursion (Xmax) by the surface area of the cone (Sd). These 

two values can usually be found in the data sheet of the 

speaker or can be requested from the manufacturer. This 

would be a good starting point for determining cone size, 

and subsequently amplifier power, however, between the cone 
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and end-effector, there will be some loss due to dampening. 

The movement of the end-effector can be determined using a 

laser doppler vibrometer or an equivalent test (as described in 

‘Understanding Results’), which would give the most accurate 

calculation of the amplitude supplied by the actuator.

2. Select a signal generator capable of being triggered by an external time-to-live 

(TTL) signal to output a specified signal burst.

3. Select the appropriate cabling to connect the input of the subwoofer to the output 

of the amplifier, the input of the amplifier to the output of the signal generator, 

and the external TTL triggering input of the signal generator to the TTL trigger 

output of the MRI scanner.

a. Audio Cabling: Audio cabling is not standardized, so the cabling 
required is dependent on the components selected in steps 1 and 2. 
In our case, the TTL output of the MRI scanner and TTL triggering 
input of the signal generator requires a BNC male-BNC male cable, but 
this may differ between systems.

b. Example Configuration Cabling Selection: In our configuration, we 

utilized a male dual banana to male Speakon to connect the subwoofer 

to the amplifier, a 1/4” male to 3.5mm female and 3.5mm male to BNC 

male cables to connect the amplifier to the signal generator, and a BNC 

male to BNC male to connect the signal generator to the MRI scanner 

output.

4. Select firm, flexible tubing to connect the active components (selected in steps 

1–3) to the tissue-contacting passive component. The tubing must be long 

enough to reach from the active components in the MRI equipment room, 

through the waveguide, and into the MRI scanner bore.

The tubing should be flexible enough to make all necessary turns 

without necessitating connectors, but firm enough to not absorb and 

therefore dampen vibration along its length.

a. Example Configuration Tubing Selection: In our configuration, we 

used 25ft of rm clear polyurethane rubber tubing of 3/4” inner diameter, 

with bend radius 3.5” and durometer 85A.

Building and Manufacturing

5. Using a CAD software, design a hollow end-effector based on the intended 

use. For phantom, the end-effector should be relatively the same size as the 

phantom’s surface. For the brain, the end-effector should mimic the shape of the 

MRI scanner’s head coil for patient comfort. For other tissue, the end-effector 

should be re-sized based on the tissue, and easily connectable to the tissue 

(Figure 3).
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6. Using the 3-D printer, print the custom end-effector using TPU lament in such 

a way that the end-effector is hollow. This may necessitate printing the end-

effector in multiple parts (Figure 4), then connecting them using cyanoacrylate 

glue, hot glue, and/or silicone, and clamping the pieces together until the glue/

silicone is set.

a. End Effector Design Considerations: Depending on the shape and 

thickness of the end-effector, internal supports may be necessary to 

prevent complete compression of the end-effector by the tissue. This is 

particularly of interest for the human head-contacting end-effector, as 

the full weight of the head is pressing on a particularly thin pillow. To 

overcome this, in our configuration, we insert the 3-D printer supports 

used to print the ‘cap’ portion of the end-effector into the center of the 

pillow before it is fully sealed (Figure 5).

b. End Effector Example Designs: In our configuration, we 3-D print the 

end-effector in two main components, with multiple 3-D printed custom 

tubing segments 4. We attach these components with cyanoacrylate glue 

and seal these seams with hot glue to both maintain air pressure and add 

strength to the potentially vulnerable joins. Photos of this process can 

be found in Figure 5.

7. Using a CNC machine, laser cutter, or jigsaw and power drill, cut the acrylic 

sheet to match the shape and size of the front of the subwoofer with a small 

hole in the center, approximately the size of the tubing selected. Use the existing 

screws used to hold the subwoofer cone in its enclosure to attach the sheet to the 

front of the cone. This is to channel the air through the hole in the front of the 

disk of acrylic and maintain air pressure.

a. Some subwoofer cones that are made of rubber have a raised portion 

next to the outside edge of the cone. To combat this, in our 

configuration, we also cut a ring from the acrylic sheet and attached 

it underneath the acrylic disk to raise the disk enough to not compress 

the raised part of the cone (Figure 6).

8. Using a CAD software, design a custom connector for attaching the tubing to the 

front of the acrylic sheet before 3-D printing the connector using PLA lament 

and attaching it to the sheet using cyanoacrylate glue, sealing the edges with hot 

glue (Figure 6).

Implementation and Testing

9. Place all the active components (aka the now modified subwoofer, the audio 

amplifier, the signal generator, and the associated cabling) in the MRI scanner 

equipment room. Subsequently, use the appropriate cabling to connect the TTL 

trigger output of the scanner to the ‘TTL external triggering’ port on the signal 

generator, the output of the signal generator to the ‘audio in’ on the audio 

amplifier, and the ‘subwoofer out’ on the audio amplifier to the input on the 

modified subwoofer (Figure 7).
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The trigger output is the standard with the scanners used (3T Skyra 

and 7T Terra, Siemens Healthineers) and is the same for any other 

application that requires triggering. Some scanners (e.g., Siemens) uses 

a fiber-optic output which can be altered to any cable type using 

a media converter, while other scanners (e.g., Phillips) have a BNC 

TTL output directly. The signal itself is programmed in the pulse 

sequence (timing and duration of TTL signal) with Siemens IDEA pulse 

programming environment.

10. Connect one end of the flexible tubing to the custom 3-D printed connector 

on the modified subwoofer before feeding the other end of the tubing through 

the waveguide into the MRI scanner room. Subsequently, attach the custom 

end-effector to the end of the tubing that is now inside the scanner room using 

MRI-compatible tape. Using MRI-compatible tape instead of a glue makes it 

more convenient to switch out the end-effector so the same actuator can be used 

to apply vibration to a variety of tissues or phantoms. If a more permanent 

connection is desired, using glue prior to moving the tubing and end-effector into 

the MRI scanner room is also a viable option.

11. Turn on the signal generator and set the frequency to the desired vibration 

frequency and the peak to peak voltage (Vp-p) amplitude to 1V, with no voltage 

or phase offset.

Vibration amplitude will be adjusted using the “volume” knob on the 

audio amplifier as opposed to changing the input voltage on the signal 

generator. Most audio equipment’s maximum input voltage is 1V p-p 

with no voltage offset, so do not adjust these settings.

Some signal generators are more programable or have more 

functionalities than others. There is not enough information sent from 

the MRI scanner to the signal generator inherently to cause any of these 

changes, but changes in frequency and/or cycles after a certain amount 

of time or cycles can be programed into some signal generators. For the 

signal generator in the photos, this option does not exist, and we would 

need to change frequencies and cycles manually.

Alternatively, a microcontroller could be used as an intermediary 

between the trigger sent from the scanner and the signal generator 

to augment the signal generator’s capabilities. Therefore, the signal 

generator could then be set either manually from a remote location 

(i.e., the MRI control room), or automatically based on the output 

from the scanner should the sequence output a different trigger signal 

dependent on the frequency specified. For this case, the sequence can 

be programmed such that multiple or specific triggering signal trains 

are sent dependent on the frequency used in the sequence, and the 

signal generator or microcontroller can be programmed to output the 

corresponding frequency.
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a. To test the vibration output and select the appropriate amplitude, output 

from the signal generator without external triggering and adjust the 

volume (use the knob) on the audio amplifier to adjust the amplitude. 

Leave the knob at the desired amplitude and turn off the signal 

generator’s output.

12. Set up the external triggering and cycle output on the signal generator. Use the 

‘burst’ option on the signal generator to select external triggering as the source 

for an N-cycles output. Select the appropriate number of cycles. Once again, turn 

on the output of the signal generator, therefore, the vibration should only begin 

when triggered by the MRI sequence.

The number of cycles is dependent on the repetition time (TR) selected 

and vibration frequency, or rather, TR must be adjusted to the integer 

number of cycles (n) multiplied by the vibration period (1/f) such that 

the burst of vibration stops at the end of the TR and begins again at the 

beginning of the next TR. Therefore, if the TR is set, multiply the TR by 

the frequency to calculate the integer number of cycles needed for that 

acquisition. Because there is a minimum TR necessary to require one 

slice, there is a minimum n to be used as the number of cycles selected 

on the signal generator. See Figure 8 for the representation of the TR 

and frequency shown on the MRE sequence diagram.

13. Place the end-effector in the appropriate positioning for the tissue or phantom 

and begin the MRE scan protocol.

a. For MRE of the human brain, place the end-effector under the head 

as if it were a pillow. The end-effector will remain in place due to the 

weight of the head.

b. For MRE of a phantom, place the end-effector on the surface of the 

phantom and use an MRI-safe strap adhesive bandage to attach the 

end-effector to the phantom so it does not move from the intended 

position during MRE.

c. For MRE of a human tissue, place the end-effector on the tissue 

of interest and use an MRI-safe adhesive bandage to attach the end-

effector to the intended location such that it is firmly pressed against the 

tissue, but not causing pain or discomfort to the patient.

14. For the first proof-of-concept scan of the subject of interest, multiple vibration 

amplitudes should be tested in order to select the appropriate amplitude for both 

patient comfort and usefulness in post-processing (Figure 9).

If the vibration amplitude is too low, shear waves are not generated 

sufficiently for viscoelastic inversion analysis and results in a low 

signal-to-noise ratio. If the vibration amplitude is too high, it will both 

not be comfortable for the patient (in human scans) and will cause 

excessive shear wave reflection resulting in an inaccurate wavelength-
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based stiffness estimate and low octahedral shear strain signal-to-noise 

ratio(McGarry et al., 2011) in areas surrounding internal boundaries.

Prior to the proof-of-concept scan, the vibration amplitude and 

frequency response of the weighted and/or unweighted end-effector can 

be measured using laser doppler vibrometry to determine suitability. 

After the proof-of-concept scans, wavefield images and octahedral 

shear strain signal-to-noise ratio (OSS-SNR) to quantitatively observe 

vibration quality in the tissue. The OSS-SNR should be relatively 

uniform within the tissue volume, and asymmetry is likely indicative of 

a scanning artifact, lack of vibration amplitude in one part of the tissue, 

or internal wave reflection due to too high of a vibration amplitude. 

Alternatively, a lack of amplitude in one part of the tissue will be 

concurrent with a lack of amplitude in the wavefield image. More 

details regarding quantitative troubleshooting notes can be found in the 

“Understanding Results” section.

At the end of Basic Protocol 1, the follow should have been achieved: (1) Active 

components (subwoofer, amplifier, signal generator) have been selected based on the 

intended use; (2) The subwoofer has been modified and an end-effector shape has been 

chosen and manufactured; (3, optional) The vibration amplitude and frequency response of 

the end effector has been verified using a laser doppler vibrometer or other similar system; 

(4) The entire setup has been implemented in the MRI equipment and scanner rooms; and 

(5) A proof of concept scan has been performed on phantom or human, and wavefield 

images and OSS-SNR has been calculated for this scan to evaluate the vibration within the 

phantom or tissue.

BASIC PROTOCOL 2:

Design, Construction, and Implementation of a Piezoelectric MRE Actuator for Localized 
Excitation in Phantom Models

The objective of Basic Protocol 2 is to design, construct, and implement a piezoelectric 

MRE actuator for phantom research purposes using all commercially available components. 

While the actuator designed in Basic Protocol 1 can be used on a phantom to apply 

distributed harmonic deformation across the entire surface, this actuator design is for 

phantom MRE only, and specifically for applying localized harmonic deformation. 

Additionally, some phantom materials are not conducive for surface harmonic deformation 

due to either size or surface texture. Localized deformation as opposed to distributed 

deformation is preferred when investigating wave propagation in all three directions as 

opposed to determining material stiffness, and for investigations involving multiple material 

types and/or boundaries.

Materials: A full description of each component as it appears in our configuration is listed 

next to the general component name in italics. These components can be replaced with those 

that perform the same function, as described in the protocol.
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Active Actuation Components:  MRI-compatible Piezoelectric Actuator: Cedrat 
Technologies APA150NM

Linear Amplifier for Piezo: Cedrat Technologies LA75C

Signal generator: RIGOL DG1022 Series Dual-Channel Function/Arbitrary Waveform 
Generator

Appropriate cabling for active components: two Monoprice 75-ohm BNC Male connector 
BNC Cables- 10 Feet

Passive Holder/Attachment Components:  Anycubic i3 Mega 3-D Printer (or similar 

machine)

Polylactic Acid (PLA) 3-D Printer Filament: eSUN PLA PRO (PLA+) 3D Printer Filament, 
1kg Spool, 1.75mm, Gray

MRI-compatible phantom holder material and double sided tape (Dependent on desired 

design)

Phantom Material (silicone, agar, or other material)

Philips-Head screwdriver (dependent on piezoelectric actuator selected)

CNC machine, laser cutter, or jigsaw and power drill

Phantom Holder Example Design (Square, to fit in 16-channel Siemens Healthineers 
headcoil):  0.5” thick clear acrylic sheet: McMaster-Carr: 24” × 24” 1/2” Thick clear cast 
acrylic sheet (Catalog Number 8560K268)

1/8” thick clear acrylic sheet: McMaster-Carr: 12” × 12” 1/8” Thick clear cast acrylic sheet 
(Catalog Number 8560K239)

Double sided tape: Amazon: Double Sided Tape Heavy Duty-1/2” 10’ Acrylic Strong 
Adhesive Removable Double Sided Mounting Tape Clear

Nylon Screws: McMaster-Carr: Metric Nylon Pan Head Phillips Screws, 3M, 12mm length 
(Catalog Number 92492A719)

Soft foam

Hot glue gun and hot glue or calking silicone

Protocol Steps with Step Annotations:

Component Selection:

1. Select an MRI-safe/compatible piezoelectric actuator and corresponding linear 

amplifier (CEDRAT actuator and amplifier are shown in Figure 11). The 

frequency response of the actuator and amplifier should be in the appropriate 
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range for intended use, generally 30–200Hz. The manufacturer of the 

piezoelectric actuator should recommend a compatible linear amplifier.

2. Select a signal generator capable of being triggered by an external TTL signal to 

output a specified signal burst.

3. Select the appropriate cabling to connect the input of the piezoelectric actuator 

to the output of the amplifier, the input of the amplifier to the output of the 

signal generator, and the external triggering input of the signal generator to the 

TTL trigger output of the MRI scanner. Ensure that the cable connecting the 

piezoelectric actuator to the amplifier is long enough to reach from the MRI 

equipment room, through the waveguide, and into the MRI scanner bore.

The appropriate cabling to connect the piezoelectric actuator to the 

amplifier should be included with the purchase of the device. A BNC 

male-BNC male cable was used in our case to connect the input of 

the amplifier to the output of the signal generator. In our case, the 

TTL output of the MRI scanner and TTL triggering input of the 

signal generator requires a BNC male-BNC male cable, although this 

is dependent on the MRI scanner setup.

4. Select MRI-compatible materials and construct a non-metallic phantom holder 

to both contain the phantom, as well as hold the piezoelectric actuator in the 

intended position, ensuring that it fits inside of the MRI coil that is going to be 

used for the MRI scanning experiments. An example of a design is shown in 
Figure 12, however, any phantom shape required can be manufactured.

Building and Manufacturing

5. Manufacture and build the phantom holder designed in the previous step.

a. Use a CNC machine, laser cutter, jigsaw, or other equivalent machine to 

cut one 15.2 cm × 15.2cm piece, four 10.16 cm × 13.97cm pieces, one 

11.18 cm × 5.08cm piece, one 5.08 cm × 5.08cm piece, and one 5.08cm 

× 3.17cm piece from the 0.5” thick acrylic sheet. In the center of the 

face of the 15.2 cm × 15.2cm piece, cut a 0.25cm deep, 0.35cm wide 

slit in a 9.5 cm × 9.5cm square.

b. Use a CNC machine, laser cutter, jigsaw, or other equivalent machine to 

cut four 10.41 cm × 9.84cm pieces from the 1/8” thick acrylic sheet.

c. Place the four 1/8” thick pieces in the 9.5 cm × 9.5cm square slit that 

was cut in the face of the 15.2 cm × 15.2cm piece and secure with hot 

glue or calking silicone, ensuring that there are no air holes in the seams 

by pouring water into the completed box and checking for leaks. This is 

the cavity in which the phantom will cure (purple in Figure 12).

d. Line up the four 10.16×13.97cm pieces on the outer edges of the 

15.2×15.2cm piece and secure with double sided tape. These are the 

outer walls of the holder (orange in Figure 12).
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e. Drill a 0.25cm diameter hole through the 11.18cm × 5.08cm piece, in 

the center of the 5.08cm width, and 1.25cm away from the end in the 

11.18cm dimension. Drill a 0.6cm deep, 0.6cm diameter countersink on 

one side of the piece. On the other side, centered on the 0.25cm hole, 

cut a 0.5 cm × 0.9cm rectangular countersink.

f. Attach the 11.18 cm × 5.08cm piece, 5.08 cm × 5.08cm piece, and 

5.08cm × 3.17cm piece together and to the outer wall using double stick 

tape as shown in Figure 12, with the 0.25cm diameter hole facing the 

center of the phantom holder, and the rectangular countersink facing 

down, towards the base.

g. Place the foam in between the inner and outer walls. These are intended 

to dampen any vibration.

6. Using a CAD software, design and subsequently 3-D print (using PLA+ lament) 

a vibration end-effector to be submerged into the phantom on one end and 

connected (via nylon screw) to the piezoelectric actuator on the other side.

An example design of an end effector in place is shown in Figure 12.

7. Attach the piezoelectric actuator to the phantom holder, and the end effector to 

the piezoelectric actuator such that the end effector is extending into the area in 

which the phantom material will be poured (Figure 12(a)).

Screw (using the nylon screws) one side of the piezoelectric actuator 

to the end effector, and the other side of the actuator to the 11.18cm × 

5.08cm piece using the 0.25cm diameter hole and countersinks to fully 

secure it into position.

8. Mix the phantom material as desired and pour the liquid phantom material into 

the phantom holder such that the end effector is partially submerged and allow 

the phantom to cure around the end effector (Figure 12(b)).

Good coupling between the end effector and the phantom material is 

required for shear wave transmission, so it is important for the end 

effector to be submerged in the phantom material and for the phantom 

to cure around the end effector as opposed to inserting the end effector 

into, or pressing it onto, the cured phantom’s surface.

Implementation and Testing

9. Once the phantom has fully cured, place the phantom holder with the 

piezoelectric actuator attached into the MRI coil, and run the actuator cable away 

from the phantom and through the waveguide into the MRI equipment room.

10. Place the amplifier for the piezoelectric actuator and the signal generator into 

the MRI equipment room. Attach the cables from the piezoelectric actuator to 

the appropriate output on the amplifier and attach the input of the amplifier to 

the output of the signal generator. Subsequently, use the appropriate cabling to 
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connect the TTL trigger output of the scanner to the ‘TTL external triggering’ 

port on the signal generator.

11. Turn on the signal generator and set the frequency to the desired vibration 

frequency and the Vp-p amplitude to 5V, with a 2.5 voltage-DC offset and no 

phase offset. These voltage values and operation of the amplifier/actuator setup 
should be based on the information provided in the data sheet for the selected 
components

12. Set up the external triggering and cycle output on the signal generator. Use the 

‘burst’ option on the signal generator to select external triggering as the source 

for an N-cycles output. Select the appropriate number of cycles. Once again, turn 

on the output of the signal generator, therefore, the vibration should only begin 

when triggered by the MRI sequence (Figure 13(a,b)).

The number of cycles is dependent on the TR selected and vibration 

frequency. Multiply the TR by the frequency to calculate the integer 

number of cycles needed for that acquisition. See Figure 8 for the 

representation of the TR and frequency shown on the MRE sequence 

diagram.

a. To test the vibration output and select the appropriate amplitude, output 

from the signal generator without external triggering.

Prior to the proof-of-concept scan, the stroke length and 

frequency response of the weighted and/or unweighted 

piezoelectric actuator can be measured using laser doppler 

vibrometry to determine suitability. After the proof-of-concept 

scans, wavefield images and octahedral shear strain signal-

to-noise ratio (OSS-SNR) to quantitatively observe vibration 

quality in the phantom material. The OSS-SNR should 

be uniform within the phantom, and asymmetry is likely 

indicative of a scanning artifact, lack of vibration amplitude 

in one part of the phantom, or internal wave reflection due 

to too high of a vibration amplitude. Alternatively, a lack 

of amplitude in one part of the phantom will be concurrent 

with a lack of amplitude in the wavefield image. More details 

regarding quantitative troubleshooting notes can be found in 

the “Understanding Results” section.

At the end of Basic Protocol 2, the follow should have been achieved: (1) Active 

components (piezoelectric actuator, amplifier, signal generator) have been selected based 

on the intended use; (2) An end-effector shape has been chosen and manufactured, and the 

phantom holder has been designed and manufactured; (3, optional) The vibration amplitude 

and frequency response of the piezoelectric actuator has been verified using a laser doppler 

vibrometer or other similar system; (4) The entire setup has been implemented in the MRI 

equipment and scanner rooms, and a phantom material has been chosen; and (5) A proof of 
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concept scan has been performed on the phantom, and wavefield images and OSS-SNR has 

been calculated for this scan to evaluate the vibration within the phantom.

COMMENTARY:

Background Information:

Magnetic resonance elastography (MRE) is a technique for determining the mechanical 

response of soft materials using applied harmonic deformation of the material and a 

motion sensitive magnetic resonance imaging (MRI) sequence. Use of this technique on 

human tissue (e.g., liver, brain) can elucidate significant information about its health 

and development. The applied harmonic deformation used in MRE is generated by an 

actuator, transmitted in bursts of a specified duration, and synchronized with the MR signal 

excitation. Because this harmonic vibration must be induced in the tissue in synchronization 

with the motion encoding gradient (MEG) (Hirsch et al., 2017; Muthupillai et al., 1996), this 

process requires a type of harmonic actuator that can be used to actuate tissue inside the 

MRI machine. Therefore, this actuator must be MR compatible, or at least the part of the 

driver unit that is used inside the scanner room should be MR compatible. The actuator must 

also be able to provide a wide range of vibration amplitudes and frequencies, as different 

tissue types require different parameters, generally 45–80Hz for the heart, 40–70Hz for the 

kidney or liver, 30–150Hz for skeletal muscle, 40–60 for the pancreas, 65–300Hz for the 

breast, or 25–100Hz for the brain(Arani, Glaser, et al., 2017; Asbach et al., 2010; Barnhill 

et al., 2013, 2017; Bensamoun et al., 2006; Dittmann et al., 2017; Etchell et al., 2017; Feng 

et al., 2018; Guo et al., 2013; Hamhaber et al., 2010; Hawley et al., 2017; Hiscox et al., 

2020; Hollis et al., 2016; Johnson et al., 2016; Kennedy et al., 2020; Kurt et al., 2019; Lee 

et al., 2012; Marticorena Garcia et al., 2018; Morisaka et al., 2017; Papazoglou et al., 2006; 

Plewes et al., 2000; Rump et al., 2007; Sack et al., 2002, 2013; Shi et al., 2015, 2018; 

Mikio Suga et al., 2001; Van Houten et al., 2003; Wassenaar et al., 2016; Xu et al., 2007; 

Zhang et al., 2011). The frequency range (bandwidth) of the MRE actuator should match the 

frequency range necessary for the tissue of interest. Additionally, because biological tissues 

exhibit viscoelastic behavior, the mechanical response of tissue is dependent on loading 

speed, or in the case of MRE, the frequency of actuation. Therefore, some studies use 

multifrequency MRE, in which the vibration is applied and encoded at different frequencies 

to determine the viscoelasticity(Kurt et al., 2019; Lipp et al., 2013; Neumann, Lehnart, et al., 

2018; E Ozkaya et al., 2021).

There are three main categories of MRE actuator. First, there are indirect actuators (usually 

pneumatic) that use an active driver outside of the scanner room and a passive driver inside 

the scanner(Asbach et al., 2008; Chang et al., 2016; Chaze et al., 2019; Feng et al., 2018; 

Freimann et al., 2012; Gruwel et al., 2010; Latta et al., 2011; MR Elastography | Resoundant 
Inc., n.d.; Meng Yin et al., 2008). Second, an electromagnetic coil/coil(s) can be used to 

induce vibration by using the static magnetic field by using current to induce rotary motion 

according to Lorentz Law(Uffmann et al., 2001). This rotary motion is then transferred to 

the tissue using some type of vibration pad or bite-bar (for brain MRE)(Hamhaber et al., 

2003, 2010; Liu et al., 2009; Sack et al., 2002; M. Suga et al., 2003; Uffmann et al., 2001). 

Third, the actuator can apply the vibration directly to the tissue of interest, where a fully MR 
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compatible, small actuation unit, usually driven by air pressureor piezoelectric crystals, are 

attached to the tissue of interest(Brauck et al., 2007; Gordon-Wylie et al., 2018; Namani et 

al., 2009; Neumann, Bichert, et al., 2018; Numano et al., 2013; Rossman et al., 2003; Runge 

et al., 2019; Uffmann et al., 2002; Z. Yin et al., 2017). Each of these actuator types has their 

own sets of benefits and drawbacks. There is currently a need for research specific MRE 

actuators for various tissue types at multiple field strengths. While there are other device 

design papers that describe a specific custom pneumatic actuator (e.g., (Feng et al., 2018; 

Latta et al., 2011)) for research purposes, there are no papers that describe how to design, 

build, and implement an MRE actuator in general.

Thus, in this paper, we describe how to design and assemble both a pneumatic MRE actuator 

and a piezoelectric MRE actuator using all commercially available electronic components 

for research purposes. In Basic Protocol 1, we discuss how to design, construct, and 

implement a convertible pneumatic MRE actuator for research purposes on multiple tissue 

types using all commercially available electronic components. This protocol can be utilized 

to develop an actuator for MRE of the human brain, other human tissue, or phantom. In 

Basic Protocol 2, we discuss how to design, construct, and implement a piezoelectric MRE 

actuator for phantom research purposes using all commercially available components. While 

the actuator designed in Basic Protocol 1 can be used on a phantom to apply distributed 

harmonic deformation across the entire surface, this actuator design is for phantom MRE 

only, and specifically for applying localized harmonic deformation.

Critical Parameters:

Actuator Active Component Considerations: The subwoofer and corresponding 

power amplifier based on the intended use, as the frequency response of the subwoofer and 

amplifier should be an appropriate range for the human tissue being imaged. Additionally, 

the subwoofer should have rubber cones as opposed to fabric cones in order to maintain 

air pressure between the cone and the acrylic sheet. For power considerations, audio 

equipment typically has an impedance of 2ohms or 4ohms. Most equipment specifications 

of subwoofers list one or the other, but technical specifications of amplifier will list both, 

as they can usually amplify at either impedance. The impedance of the subwoofer needs to 

be considered to ensure that the correct specifications are being considered for the amplifier. 

Additionally, the maximum power output of the audio amplifier should be greater than 

the maximum power handling of the subwoofer at the impedance of the subwoofer for 

obtaining the maximum amplitude the subwoofer is capable of outputting. Generally, the 

TTL output of the MRI scanner and TTL triggering input of the signal generator requires a 

BNC male-BNC male cable, but audio cabling is not standardized, so the cabling required 

is dependent on the selected components. The output of the signal generator should be 1V 

p-p maximum with no voltage offset, as this is most audio equipment’s maximum allowable 

input without causing damage to the equipment. Vibration amplitude will the adjusted using 

the “volume” knob on the audio amplifier as opposed to changing the input voltage on the 

signal generator.

Piezoelectric Actuator Considerations: The commercial piezoelectric actuator itself 

and the cabling required to connect the actuator to the amplifier must be MRI-safe. This 
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may require approval from an MRI safety committee or other administrative approval. 

The phantom holder must also be able to fit inside of whatever coil is being used 

during the scans. A 16-channel head coil was used during our scans due to its ability 

to acquire with high SNR, however this does impose a size restriction. Therefore, the 

size of the phantom is limited, and the phantom holder must be designed to fit within 

these specifications. The voltage and voltage offset values, instead of being one set 

number as it is in audio equipment, are determined by the manufacturer. This is likely 

in the device’s datasheet, although if it is not, this information can be acquired from the 

manufacturer’s technical services or after-sales department. Proper operation (including 

voltage and frequency settings) is essential for preventing damage to the equipment during 

use, so it is recommended that the actuator is only driven within the frequency and voltage 

range that the actuator and cabling is rated for. The frequency range, or bandwidth, of 

the piezoelectric actuator should therefore match the requirements for the study being 

performed. Additionally, because of the power in the cabling, it is recommended that the 

cable is kept as far from the phantom as possible, or artifacts can occur, obscuring part of the 

captured wavefield image (Figure 13(c)).

General Vibration Considerations: If the vibration amplitude is too low, shear waves 

are not generated sufficiently for viscoelastic inversion analysis and results in a low signal-

to-noise ratio. If the vibration amplitude is too high, it will both not be comfortable for 

the patient (in human scans) and will cause excessive shear wave reflection resulting in 

an inaccurate wavelength-based stiffness estimate and low octahedral shear strain signal-to-

noise ratio in areas surrounding internal boundaries. After the first set of proof-of-concept 

scans, both the calculation of wavefield images and octahedral shear signal-to-noise ratio 

(OSS-SNR) can be used to determine if the vibration amplitude is appropriate. A lack 

of amplitude in one part of the tissue will be concurrent with a lack of amplitude in 

the wavefield image, so calculating and observing the wavefield, especially in a uniform 

phantom, is an important step in determining if the vibration amplitude is at an appropriate 

level. A secondary method to determine if the vibration amplitude is appropriate and 

directed in the correct direction is to calculate OSS-SNR. The OSS-SNR should be uniform 

within the phantom, and asymmetry is likely indicative of a scanning artifact, lack of 

vibration amplitude in one part of the tissue, or internal wave reflection due to too high 

of a vibration amplitude. More information on both of these parameters can be found in 

the “Understanding Results” section. Therefore, multiple amplitudes should be tested prior 

to determining the final scanning protocol for a particular study. The external triggering 

of the signal generator should be run on an N-cycles burst setting. The number of cycles 

per burst to run the signal generator for is dependent on the TR selected and vibration 

frequency. Multiply the TR by the frequency to calculate the integer number of cycles 

needed for that acquisition. Finally, the coupling between the end-effector and the tissue or 

phantom is crucial to vibration transfer. For the pneumatic actuator, the end-effector pillow 

should be firmly pressed against the surface of the tissue or phantom, either held down by 

body weight (if under the subject) or held on tightly using MRI-safe adhesive bandage. For 

the piezoelectric actuator, the phantom should cure around the end effector to ensure full 

adhesion.
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Troubleshooting:

Human Brain End Effector Challenges: Since the specific application we worked on 

here is the human brain, we implemented multiple iterations of end-effector design based 

on multiple technology development scans on healthy human volunteers. Multiple pillow 

designs were manufactured and tested for both effective, even, vibration application and 

patient comfort, resulting in the final design that matches the shape of the head coil without 

any sharp ridges, and thin enough to allow us to scan a diverse patient population (Figure 

14). The size and shape are dependent on the head coil, and due to challenges with the 

head coil size at 7T MRI scanners, our pillow design required several iterations, but the 

same design issues arise for many multi-channel head coils. The initial pillow design did 

not provide sufficient vibration, while the second pillow design provided enough vibration 

but was not comfortable to lay on for the duration of the scan. The third pillow design also 

provided sufficient vibration but was not fully comfortable due to the ridge in the back. This 

design was also too thick to allow us to scan a diverse patient population. The fourth design 

initially did not provide sufficient vibration due to the pillow compressing under the weight 

of the head, however, by adding soft supports to the inside of the pillow where the head 

rests, the pillow was both comfortable and provided sufficient vibration. Due to concerns 

about uneven application of vibration, a modification to the inlet to make it central resulted 

in the final pillow design.

Subwoofer is Not Outputting Sound/Piezoelectric Actuator is not Vibrating 
(General): The first step for troubleshooting this problem is to ensure that every component 

is plugged in, powered on, and on the correct settings, and that the signal generator is set to 

output a consistent signal with no external triggering. The next step is to ensure that all the 

cable connections are snug and to utilize a multimeter to check that all cables are working 

properly; if any are loose or not working, replace the cable and attempt to run the device 

again. If this is not the issue, next, use a multimeter or oscilloscope to ensure that the signal 

generator is outputting a signal as expected; if not, the signal generator should be replaced 

with a different one. If that is not the problem, use a multimeter or oscilloscope to ensure 

that the amplifier is outputting an amplified signal as expected; if not, the amplifier should 

be sent off for repair or returned and a new one purchased. If none of the previous steps have 

revealed the issue, the problem is likely the subwoofer (in the case of Basic Protocol 1) or 

the piezoelectric actuator (in the case of Basic Protocol 2).

Subwoofer is Not Outputting Sound/Piezoelectric Actuator is not Vibrating 
(During Scans): If the subwoofer is outputting/the piezoelectric actuator is vibrating when 

the signal generator is set to output a consistent signal with no external triggering, it is 

first important to check cable connections. The external triggering port in the equipment 

room should be connected via cable to the MRI scanner. To ensure that a trigger signal 

is being output, connect the scanner’s external triggering port (in the equipment room) to 

an oscilloscope and run the MRE sequence to observe outputs. If there is no trigger signal 

output, it may need to be enabled within the sequence, or the cable connections are not 

correct/a cable has broken; test the cables to see if this is the case. If the trigger signal 

is being output, ensure that the correct external triggering port is being used on the signal 

generator; try a new signal generator if this does not solve the problem.
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Subwoofer Stops Outputting Sound Above a Certain Volume Level: This 

problem can occur when the amplifier overvolts, and it is important to immediately turn 

the amplifier down and off when this occurs to avoid damage to the equipment. If this is 

consistently occurring at a 1Vp-p input to the amplifier, it is likely because the maximum 

power output of the audio amplifier is not greater than the maximum power handling of the 

subwoofer at the impedance of the subwoofer. One option is to simply mark on the amplifier 

what level on the knob this occurs at and not turn the knob past that mark. Another option 

is to reduce the input voltage. Finally, the recommended option for obtaining the maximum 

amplitude the subwoofer is capable of outputting is to replace the power amplifier with a 

more powerful option.

Excessive Damping from Subwoofer Cone to End Effector: This excessive 

dampening can occur due to tubing connections, or the softness of the tubing used. If the 

tubing is too soft, it can directly dampen the air pressure waves, in which case it should be 

switched out for stiffer tubing. Any tube splitter or connector will also cause dampening, 

as the air pressure wave will reflect and cause destructive interference; it is recommended 

that one continuous piece of tubing (with no connectors) connects the subwoofer cone to a 

single-inlet end effector.

Understanding Results:

It is imperative to determine that the actuator is operating at the correct frequency and with 

sufficient amplitude before use in the intended tissue. One method for determining this is 

to use, as an example, a laser doppler vibrometer to both achieve an accurate estimated of 

the unloaded actuator’s frequency and its frequency response(Curtis et al., 2012; E Ozkaya 

et al., 2021; Triolo et al., 2021). This method can also be used to determine the time 

delay from signal generator output to end-effector vibration in the case of the pneumatic 

actuator(Triolo et al., 2021). This time delay can also be calculated based on the speed of 

sound in the length of tubing, but empirical measurement is far more accurate in this case. 

Once it is confirmed that the actuator is producing vibration at the expected amplitude and 

frequency, the next step is to determine if the actuator is coupled with the tissue or phantom 

well enough to produce shear waves with sufficient SNR in the collected phase images. 

When looking at a wavefield image in a homogeneous material (a phantom, typically used 

for validation) the shear wave should be clearly visible with the expected wavelength and 

propagation speed based on stiffness-based estimates and as shown in Figures 9 and 15. 

Should the wavefield look over-saturated (where the phase is wrapped multiple times for 

one wave peak), the vibration amplitude should be decreased, and should the expected 

wavelength be barely visible, the amplitude increased. However, this is difficult to determine 

in human tissue, for example the brain shown in Figure 9.

One way to determine if the vibration amplitude is appropriate and directed in the correct 

direction is to perform a calculation of octahedral shear strain signal-to-noise ratio (OSS-

SNR)(McGarry et al., 2011). The OSS-SNR should be uniform within the tissue of interest, 

and any asymmetry is likely indicative of a scanning artifact, lack of vibration amplitude 

in one part of the tissue, or internal wave reflection. Generally, an average OSS-SNR of 

3 or above is considered acceptable(McGarry et al., 2011). This will also be reflected 
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in the stiffness reconstruction of the tissue or phantom. A lack of amplitude in one part 

of the tissue will be concurrent with a lack of amplitude in the wavefield image. To 

fix this asymmetry due to lack of amplitude in one part of the tissue, the actuator end-

effector should be repositioned, or the amplitude increased to increase the penetration of 

the traveling wave. Internal wave reflection, usually due to boundaries and/or shear wave 

interactions, can be caused by the application of an amplitude that is too high. Not only 

will this cause asymmetry in OSS-SNR and stiffness reconstruction maps, there will also 

be visible oversaturation in the wavefield images. In this case, the amplitude should be 

decreased.

Overall, the purpose of MRE is to determine the mechanical properties of tissues or other 

materials. Performing MRE on a tissue can provide information on different structures 

within that tissue based on their mechanical properties (i.e., magnitude of the complex shear 

modulus, damping ratio) using a viscoelastic inversion (e.g., Local frequency estimation, 

algebraic inversion, or nonlinear inversion) calculation on the capture wavefield images 

(Honarvar et al., 2017; Maharjan et al., 2020; Van Houten et al., 2001). In the brain 

specifically (as this is our application), these properties can provide information on cell 

density, myelination, inflammation, and functional activation(Fehlner et al., 2014; Guo et 

al., 2013; Hiscox et al., 2018, 2020; Huston et al., 2015, 2016; Johnson et al., 2016; Kurt 

et al., 2019; McIlvain et al., 2018; Murphy et al., 2016; Pattison et al., 2009; Perry et 

al., 2017; Sack et al., 2009, 2011; Streitberger et al., 2011; Zhang et al., 2011). These 

mechanical parameters (i.e., magnitude of the complex shear modulus, damping ratio) can 

then be used to diagnose pathologies such as multiple sclerosis (MS), Alzheimer’s disease, 

and Parkinson’s disease, or indicate disease progress(ElSheikh et al., 2017; Gerischer et al., 

2016; Hiscox et al., 2019; Johnson et al., 2017; Lipp et al., 2013, 2018; Murphy et al., 

2011, 2016; Streitberger et al., 2012; Wuerfel et al., 2010). As stated earlier, MRE is used 

by pathologists to diagnose liver fibrosis, and other diagnostic applications of MRE, such as 

breast cancer, prostate cancer, and pancreatic masses, have been suggested and investigated 

(Arani, Eskandari, et al., 2017; Doyley et al., 2003; Glaser et al., 2006; MR Elastography | 
Resoundant Inc., n.d.; Shah et al., 2004; Shi et al., 2018).

Time Considerations:

The lead times on components can range from only 1 day for smaller materials to 

several weeks for the complex electronic components such as the piezoelectric actuator 

and amplifier, audio amplifier, subwoofer, and signal generator. These major components 

should be ordered well in advance of the planned experiments, as smaller components that 

correspond to a specific major component will likely need to be ordered after these major 

components arrive (e.g., matching cabling, screws of a specific size).

Manufacturing the end-effector via 3-D printing, gluing, clamping, etc. will take between 3 

hours (for the piezoelectric end effector) and 1 day (pneumatic human brain end effector).

Cost Considerations: For the pneumatic actuator, the most costly components are the 

signal generator, audio amplifier, and subwoofer. Used/refurbished signal generators with 

the required functionality range from about $150 to $400, while purchasing new can cost 
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upwards of $1000. The cost of audio amplifier will range widely based on power, with low 

wattage amplifiers costing under $100 and high wattage costing over $500. The 3000W 

dual-channel amplifier shown in Figure 2 costs around $300. From the same brand, an 

amplifier twice as powerful costs around $500. The subwoofer cost ranges based on size and 

quality, generally from $50–250, but the subwoofer shown in Figure 2 costs about $170. The 

cost of 3D printing, machining, and assembly is dependent on the materials, personnel, and 

equipment available. For the piezoelectric actuator, the cost of the actuator itself was around 

$2000 and the cost of the used/refurbished amplifier was $400. A new amplifier would 

cost in the $1000–2000 range. The same signal generator as mentioned for the pneumatic 

actuator was used here. Various phantom materials of varying costs can be used with this 

protocol, but the least costly would be Knox unflavored gelatin at around $15 per pound. 

Again, the cost of 3D printing, machining, and assembly is dependent on the materials, 

personnel, and equipment available.
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FIGURE 1. MRE Hardware and triggering setup schematic:
The MRI control PC outputs a TTL trigger signal during acquisition that drives a signal 

generator via external triggering. This in turn sends a pre-determined signal through the 

amplifier and to the subwoofer, which then pushes air pressure waves through rubber tubing 

and into the tissue-contacting end-effector.
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FIGURE 2. Full Active Actuation Component Setup:
The shown components are kept in the equipment room of the MRI scanner. a) the class D 

audio amplifier selected for our experiments on top of the 12-in dual rubber cone subwoofer 

modified with acrylic disks over the cones to maintain air pressure, and b) the polyurethane 

rubber tubing connected to the front of the modified cone to push air pressure waves through 

the shown tubing into the passive end effector.
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FIGURE 3. Flat End-effector Design:
a) the top and b) isometric views of the 3D CAD model of all the components that make up 

the flat end-effector design and how they are assembled, and c) how these components are 

3D printed in order to keep the end-effector hollow.
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FIGURE 4. Human Brain End-Effector Design:
How the a) main body, b) end cap, and c) tubing bends are 3D printed to manufacture the 

human brain end-effector such that it remains hollow, despite d) supports added to print the 

end cap, which can be pulled out once the print has completed. e) How all the 3D printed 

components are connected together to form the full ‘pillow’.
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FIGURE 5. Human Brain End-Effector Construction Process:
a) As the end-cap prints, supports are printed along with it to support the top of the cap 

during printed, and after the supports are removed, b) they are placed inside the main body 

of the pillow to prevent the weight of the head from fully compressing the pillow during 

use. c) The separate components are glued together, and the top of the pillow is clamped and 

glued in a curved shape to match the shape of the head coil.

Triolo et al. Page 33

Curr Protoc. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6. Acrylic Disk and Ring, and 3D Printed Tubing Connector:
a) CAD model of the acrylic disk and b) ring that are c) mounted to the front of the 

subwoofer cones. d) A CAD model of a tubing connector in isometric view and e) front 

view, and f) how it is 3D printed.
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FIGURE 7. Cable Connections:
a) The first cable connection uses a male-male BNC cable to connect the TTL output of the 

MRI scanner to the TTL external triggering input of the Signal Generator. b) The second 

connection uses a BNC-male to 3.5mm male cable and a 3.5mm female to 1/4” male adapter 

to connect the output of the signal generator to the input of the class-D amplifier. c) The 

third connection uses a Speakon male to Banana male cable to connect the output of the 

amplifier to the input of the subwoofer.
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FIGURE 8. Labeled Sequence Diagram:
A 2D EPI multi-slice MRE sequence with 3D motion encoding gradients, labeled with the 

trigger (TTL) signal, phase offset, vibration period, and true repetition time (TR) labeled.
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FIGURE 9. Wavefield Images:
of a phantom and human brain captured utilizing a 7T MRE sequence and the actuator 

described in Basic Protocol 1.
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FIGURE 10. Full Piezoelectric Setup Schematic:
The MRE control PC generates a TTL trigger signal to drive the piezoelectric actuator 

through the amplifier and the function generator via the external trigger input port.
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FIGURE 11. CEDRAT Piezoelectric Actuator and Amplifier:
The APA150NM piezoelectric actuator is MRI-safe (NM standing for ‘non-magnetic’), 

while the compatible amplifier (SA75-DI-03) the actuator is connected to is kept in the 

scanner’s equipment room.
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FIGURE 12. Example Phantom Holder Design:
a) The CAD model of the fully constructed phantom holder showing the location of the 0.5” 

thick outer walls (orange), base (white), and piezoelectric holder parts (gray) with drilled 

holes, piezoelectric actuator (silver), and 1/8” thick inner walls (purple). The submersible 

end-effector (black) is screwed to the end of the piezoelectric actuator using a nylon screw, 

and the phantom material is poured around it into the purple-walled square container. b) 

Phantom holder with phantom material cured around end effector
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FIGURE 13. Wavefield Images:
obtained utilizing the piezoelectric actuator setup described in Basic Protocol 2 of 

one phantom in the a) configuration described, and b) one in an alternate cylindrical 

configuration. c) The cable from the piezoelectric actuator was resting too close to a 

cylindrical phantom and caused interference in the shape of the cable.
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FIGURE 14. 
Evolution of the Pneumatic MRE Human Brain end Effector for over time (first through 

final from left to right), with the corresponding wavefield image below each design.
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