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Biaxial fatigue testing machines: 

Principles and applications

The most common way to determine the fatigue, strength, 

and other properties of a given material is with a uniaxial 

fatigue testing machine, which holds a strip-shaped test piece in 

place on both sides and applies a load to the material in a single 

direction. However, the loads that the parts and components 

of an actual aircraft experience often come from two or even 

three directions at the same time. The properties of anisotropic 

composite materials also vary according to the direction of the 

load acting on them. In order to understand the properties 

of composite materials, researchers thus need more data and 

information than uniaxial fatigue testing machines can o� er.

Whereas uniaxial fatigue testing machines apply load in a 

single direction, biaxial fatigue  testing machines can apply load 

to a material in two perpendicular directions (see Figure 1). Test 

pieces for use with biaxial devices are cruciform, as subjecting 

the piece to loads at perpendicular angles creates the need for a 

total of four actuators in � xed locations (see Figure 2).

With a uniaxial fatigue testing machine, researchers can 

only test materials under uniaxial stress. A biaxial fatigue 

testing machine, however, enables researchers to evaluate 

material characteristics under biaxial stress conditions—a 

major asset in many cases. The problem is that the cruciform 

test pieces that biaxial fatigue testing machines require 

are hard to fabricate: they have to be 

designed using the f inite  element 

method* and other techniques to suit 

speci� c test purposes (see Figure 3).

When using a biaxial fatigue testing 

machine, researchers place the test piece 

inside the area bounded by the four 

actuators and use hydraulic grips to � x the 

piece in place. The actuators then apply 

tensile or compressive load to the test 

piece and measure the resulting strain, 

giving the researchers data they can use 

to evaluate the material’s strength and 

fatigue characteristics. Biaxial testing 

machines are versatile, too: users can 

control each actuator independently and 

con� gure the devices to apply tensile load 

in two directions, compressive load from 

two directions, or even tensile load in one 

direction and compressive load in the other. 

The devices also make it possible to conduct repeated tensile and 

compressive load tests in an alternating pattern (see Table 1).

Determining how heating and cooling 

produce changes in characteristics

Many aircraft and spacecraft components are made with 

materials that need to withstand high temperatures, such 

as the materials inside engines, and materials capable of 

functioning under cryogenic conditions, like the materials 

that form liquid hydrogen tanks. JAXA’s biaxial fatigue testing 

machine enables measurements of metal fatigue, plasticity 

points, and many other attributes, but its biggest benefit is 

its ability to replicate actual usage conditions by heating or 

cooling the target test pieces.

The device generates heat with a laser heating mechanism, 

which emits a laser via a laser oscillator. As it bounces o�  two 

variable-angle mirrors, the laser beam can heat a rectangular 

area of the test piece to temperatures of over 2,000°C.

The cooling component is one of the testing machine’s most 

distinctive features. Despite the need for biaxial fatigue testing 

in low-temperature environments, the considerable technical 

challenges of trying to test cruciform pieces at cryogenic 

temperatures—especially the issue of vacuum insulation—

have made it hard for organizations to meet that demand. JAXA 

rose to the challenge, however, and successfully completed a 

cryogenic refrigerator-based cryogenic chamber by employing 

a rather unique approach to sealing the test environment: 

placing the sealing rubber directly on the test piece. With the 

new cryogenic chamber, researchers can now conduct load tests 

on pieces cooled to temperatures as low as 20 K. When testing 

composite materials under cryogenic conditions, meanwhile, 

researchers also use ultrasonic test equipment to check for 

damage and multipoint strain and incorporate temperature 

measurement systems to evaluate the distributions of strain 

and temperature. Now that JAXA has the ability to test 

materials in low-temperature environments, researchers are 

planning to start acquiring the requisite data for eventually 

replacing liquid hydrogen tanks and other metal parts exposed 

to low-temperature conditions with parts made of composite 

materials. JAXA also has its sights set on developing a cryogenic 

gas leak measurement system that would prove valuable in the 

event that propellant starts leaking out of a component like a 

liquid hydrogen tank.

Biaxial fatigue testing machine

1.
2 8 10

R8
0

40
0

80

100
160

90 10

[unit:mm]

Figure 3   The stress (L) and strain (R) distributions for a cruciform test piece under a uniaxial load; the visualizations show 
that a load coming in one direction produces stress and strain in other directions.

Figure 1   The structure of a biaxial fatigue testing machine

Table 1   Biaxial fatigue testing machine speci� cations

Figure 2   A sample test piece; the standard test piece is 400 mm x 
400 mm in size and has a measurement area about 1 to 2 mm thick.
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This pro� le looks at how JAXA’s 
“biaxial fatigue testing machine” 

measures the characteristics of 
di� erent materials.

Maximum load

Maximum displacement

Frequency range

Control methods

Vibration waveforms

Year completed

±245 kN

±50 mm

0–10 Hz 

Load displacement
Electrical/hydraulic servo-type with 
arithmetic feedback control

Sinusoidal, triangular, square, or any 
external input-based arbitrary waveform

1987

* An analysis method that involves subdividing a target domain into small elements 
and analyzing each element to approximate values for the entire domain
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Acoustic analysis (non-linear acoustic propagation 
and acoustic transmission/vibration)

Non-linear acoustic propagation and 
acoustic transmission/vibration

Sound, an air  vibration (pressure fluctuation) that 

propagates as a wave (sound wave), comes in many forms: 

there are pleasant sounds and abrasive noises, for example, and 

even sounds capable of producing visible e� ects like vibrations 

and physical damage. Aircraft—especially in � ight—can cause 

noise problems, creating the need for technologies that allow 

researchers to analyze the origins, propagation, transmission, 

vibration, and other characteristics of sound.

Despite the plethora of existing research on the sources 

and linear propagation of sound, the methods that scholars 

have developed for predicting the non-linear propagation, 

transmission, and vibration of sound are far from perfect. Sound 

usually decreases in amplitude as it propagates, but the shapes 

of the corresponding sine waves normally remain intact. In cases 

involving extremely high-volume sound, however, the shapes 

of the corresponding sine waves break down and transform 

into “sawtooth” configurations with sharp upward spikes 

(see Figure 1)—a phenomenon called “non-linear acoustic 

propagation.” The roaring sound of a rocket launch and the 

sonic boom that occurs when an aircraft exceeds the speed of 

sound are two of examples of non-linear acoustic propagation. 

Acoustic transmission, meanwhile, refers to the phenomenon 

of sound passing through a given physical body—sounds 

that are audible through windows and walls, for instance (see 

Figure 2). During a rocket launch, the roar of the liftoff can 

penetrate through the fairing and initiate an acoustic vibration 

powerful enough to shake the artificial satellite inside—

and, in the worst-case scenario, even damage the satellite. 

Tools for analyzing non-linear acoustic propagation, 

transmission, and vibration are thus some of the most 

important technologies in the aerospace � eld.

Analyzing non-linear acoustic 
propagation under atmospheric e� ects

The Thomas waveform parameter method (the “Thomas 

method”) has been a leading method of analyzing sonic booms 

for several decades. Accounting for waveform distortion under 

the principles of geometrical acoustics*1 and isentropic wave 

theory, the Thomas method uses information from cruising 

aircraft to predict the conditions of the resulting non-linear 

sound waves on the ground or in other locations considerable 

distances from the corresponding aircraft. As the method 

treats shockwaves as discontinuous planes, however, it leaves 

users without any way of determining the rise time of an 

existent waveform. Rise time, which varies according to the 

atmosphere that the waveform propagates through, has an 

enormous impact on how humans hear the corresponding 

sound, making it an integral variable in predicting sonic booms. 

JAXA’s sonic boom research has used formulas like the extended 

Burgers equation, which takes the effects of atmospheric 

changes, thermal viscosity, and relaxation into consideration, 

and the HOWARD method, which also factors in the impact of 

atmospheric disturbances, to create an analysis program (see 

Figure 3) capable of predicting waveform rise times with high 

degrees of precision.

The sonic boom measurement data that the D-SEND#2*2 

team collected in 2015 exhibited a slightly di� erent waveform 

from what the researchers were anticipating*3, but the 

results concurred with the atmospheric disturbance-sensitive 

predictions almost perfectly—indicating 

that the waveform would not have been 

possible without the D-SEND#2 low sonic 

boom technology.

Using transmission and vibration 
analyses to make arti� cial satellite 
development more economical

To investigate the effects of acoustic 

v ib rat i o n  o n  an  ar t i f i c i a l  s ate l l i te, 

researchers usually subject the satellite 

to direct sound waves in a “reverberation 

chamber.” The problem with the reverberation chamber method, 

however, is that it neglects the e� ects of the fairing structure 

covering the satellite during the launch procedure. Without 

that protective feature figuring into the tests, the method—

designed to err on the side of caution—exposes the satellite to 

excessive amounts of noise. When developers create an actual 

arti� cial satellite based on reverberation chamber tests, then, 

the end product turns out stronger than necessary—and it 

ends up costing more to minimize vibrations. E� orts to suppress 

the amount of transmitted sound running through the satellite 

can be problematic, too: if developers install additional sound-

limiting equipment on the fairing or take steps to enhance the 

unit’s overall rigidity, the fairing gets heavier.

Researchers have used several methods to analyze 

transmission and vibration: the statistical energy analysis 

(SEA)*4 approach has provided a statistical perspective on high-

frequency waves, while the � nite element method (FEM)*5 and 

boundary element method (BEM)*6, deterministic methods, 

have been common tools for examining low-frequency waves. 

The weakness of these three methods, however, lies between 

the two ends of the frequency spectrum: they struggle to 

generate high-accuracy analyses of intermediate-frequency 

waves. JAXA thus built an analysis program applying the wave 

based method (WBM), which covers the intermediate-frequency 

range, to produce precise assessments of transmission and 

vibration effects in the fairing (see Figure 4). Supplementing 

the WBM with the FEM also enables researchers to examine 

how complex satellite configurations and noise-absorbing 

materials impact vibration, thereby making it possible to model 

conditions more realistically. If researchers could make accurate 

analyses of transmission and vibration properties through 

numerical calculations, they would be able to optimize the 

placement of noise-absorbing materials inside fairing structures 

and—by reducing the amount of sound in the fairing—make 

the arti� cial satellite development process less cost-intensive.

Figure 3: The extended Burgers equation, which factors in atmospheric e� ectsFigure 2: Acoustic transmission

Figure 4: A WBM-based prediction of the acoustic environment in a rocket fairing model

*1: A branch of acoustics that studies the propagation of sound energy in geometrical terms; 
although geometrical acoustics methods make it possible to visualize the path of a sound as it 
re� ects o�  a wall surface, they do not take the wave characteristics of sound into account.

*2: Second-phase testing for JAXA’s “Drop test for the Simpli� ed Evaluation of Non-symmetrically 
Distributed sonic boom”; see FLIGHT PATH No. 9/10 for details.

*3: See page FLIGHT PATH No.9/10 for details.
*4: An analysis method that calculates the average vibrational energy in given spaces and frequency 

intervals in statistical terms
*5: A numerical analysis method that � nds solutions by subdividing the space of an analysis target 

into small subdomains; although the FEM also works with complex configurations higher 
frequencies require smaller subdivisions.

*6: A numerical analysis method that � nds solutions by subdividing the boundaries of analysis 
targets into small subdomains; the BEM is generally ideal for analyses of open domains, while 
the FEM is more e� ective in analyzing closed domains.

Conditions at 8,050 Hz Internal acoustic 
pressure level

Structural displacement

Non-linear e�ect Geometrical decay Atmospheric change Thermal viscosity Relaxation

Shockwave formation

Sine wave

Constant Decay
Higher P0 and ω values 
mean faster shockwave formation

Inversely proportional to ω

Initial stage Sawtooth wave Sawtooth wave

Sawtooth wave formation

Sound
source Incident wave Transmitted

wave

Re�ected wave

Figure 1: Sound wave deformation

This edition  pro� les numerical analysis technologies for
 evaluating acoustic properties.
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Large spin tester goes into operation

JAXA installed a “large spin tester” for performing strength testing on 

rotational element parts and launched test operations in December 2015.

The spin tester is a useful tool in research and development on using 

new low-pressure turbine blade materials to reduce weight, which 

represents one focus of the aFJR (Advanced Fan Jet Research) project.* 

With a spin tester, researchers can assess fast-rotating turbine blade rotors 

via blade vibration tests  (which determine blade vibration properties 

by applying vibration through external force), rotational stability tests of 

prototype rotating parts, burst tests, fatigue life tests, and more.

JAXA’s new large spin tester can perform rotation tests on rotors 

measuring up to 1,600 mm in size and 400 kg in weight at up to 42,000 

rotations per minute. The rotational speed is variable; for example, the spinter 

simulates rotational speed under the full range of actual flight conditions—

from takeoff to cruising and landing.

The spin tester that JAXA used 

in the past was a small-sized 

device. With its new large spin 

tester, the organization will be 

able to test larger parts that more 

closely approximate the sizes of 

actual components.

* See FLIGHT PATH 1/2 for details.

The large spin tester prior to an evaluation; 

the preparation process involves taking the 

lid (L) off the cylindrical vacuum chamber 

(R) and mounting the rotor (circled in red).

Noise source localization tests on the “Hisho” jet research aircraft at Noto Airport

From September 28 to October 3, 2015, JAXA conducted noise source localization tests by having the “Hisho” jet research aircraft fly over a 

microphone array installed on the ground at Noto Airport as part of the FQUROH project.* In preparation for the project’s scheduled flight 

demonstrations, the noise source localization tests aimed to evaluate the repeatability of analyzed noise source data, improve the accuracy of data 

analysis, and evaluate the improvement of measurement system hardware for resistance to severe climate conditions.

Although the tests were limited for the first three days due to 

a developed low-pressure system over the area, researchers still 

managed to conduct more than the 60 planned noise source 

localization measurements. The severe climate conditions also gave 

JAXA an opportunity to assess procedures and constraints for tests 

under unexpected weather changes.

The FQUROH project is developing airframe noise reduction 

technologies to reduce aerodynamic noise emanating from wing flaps 

and landing gear. Drawing on the results of the recent tests at Noto 

Airport, JAXA plans to perform preliminary flight demonstration tests 

in 2016 using “Hisho.” The main objective of the flight demonstration 

is to establish all the testing methods and procedures to ensure 

verification of the applied noise reduction technologies. It will then be 

followed by the full-scale technical demonstration of developed noise 

reduction technologies in 2017.

* The Flight Demonstration of Quiet Technology to Reduce Noise from High-lift 

Configurations project; see FLIGHT PATH No. 1/2 for details.

“Hisho” makes a low-altitude pass over the measurement points (indicated by 

a red arrow) at Noto Airport

“Hisho” sets the stage for the MRJ’s maiden flight
On November 11, 2015, Mitsubishi Aircraft Corporation and Mitsubishi Heavy Industries, Ltd. conducted the maiden flight of the first flight test aircraft for the Mitsubishi Regional Jet (MRJ) at the Nagoya Airfield. Aiding in the effort to make the maiden flight a success, JAXA’s jet research aircraft “Hisho” performed a preliminary flight to observe the wind, cloud, and other meteorological conditions along the MRJ’s scheduled flight route and airspace .

The MRJ (L) and the “Hisho” jet research aircraft (R) prepare for take-off at the Nagoya Airfield
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JAXA evaluates D-NET2* in a DMAT drill
On January 30, 2016, JAXA’s D-NET2 research and development team participated in the 2015 Japan DMAT Kanto Block Disaster Drill, which was jointly organized by the Ministry of Health, Labour and Welfare’s DMAT (Disaster Medical Assistance Team) Head Office , the Tokyo Metropolitan Government, and other participants.

Bad weather prevented JAXA from carrying out some of the flight experiments originally scheduled for the day, but the system’s overall functionality was verified successfully. In particular, D-NET2 terminals were used at the Tachikawa Substitute Facility of the Government Headquarters for Disaster Countermeasures  and two other facilities to determine whether the D-NET2 information integration system—which combines aircraft information, observation data from the “DAICHI-2” (ALOS-2), DMAT position information, and more—was an effective tool for disaster relief activities.
JAXA will continue the research and development of D-NET2 to help immediate post-disaster operations  and offer valuable resources to rescue workers by deepening the connections between the aviation field and the space sector and aiming toward safer and more efficient disaster relief operations.

* D-NET2 (Integrated aircraft operation system 
for disaster Relief ) ; see FLIGHT PATH No. 7/8 
for details.

The Japan DMAT Kanto Block Disaster Drill, organized by the Ministry of Health, Labour and Welfare’s DMAT (Disaster Medical Assistance Team) Head Office , the Tokyo Metropolitan Government, and other groups, was conducted on January 30, 2016. JAXA used three D-NET2 terminals at the Tokyo Metropolitan Government Office and two other locations to assess the system’s effectiveness. (Pictured: Participants at the Substitute Facility of the Government Headquarters for Disaster Countermeasures)

High-temperature autoclave (composite curing oven) for 

experimental applications started full-scale operation

JAXA’s high-temperature autoclave for experimental applications, 

installed in November 2015 as part of the Cabinet Office’s “SIP* 

Structural Materials for Innovation” project, went into service in 

January 2016. An autoclave produces composite materials by 

applying pressure and heat to a carbon fiber impregnated with 

resin (a “prepreg”). Compared to the autoclave that JAXA installed in 

FY2014, a device that could produce up to 200°C at 10 atm, the new 

autoclave reaches temperatures of up to 460°C.

The new high-temperature autoclave not only makes it possible 

to create materials with even higher levels of heat resistance, 

thereby further extending the range of high-temperature 

environments that researchers can conduct experiments under, but 

also shortens the experimentation cycle (from the prepreg order 

to the completion of the experiment) from 3 months to as little 

as 2 to 3 weeks. The benefits extend to cost, as well, with the new 

technology cutting 

experiment-related 

expenses by around 

75%.

*  SIP  (Cross-minister ial 

S t r a t e g i c  I n n o v a t i o n 

Promotion program): A cross-

ministerial, interdisciplinary 

program created by the 

Cabinet Office’s Council for 

Science, Technology and 

Innovation

After the prepreg is put in a vacuum-sealed package 

and the heat sensors are placed, the prepreg is cured 

while temperature readings are gathered at several 

points.

Flight demonstration of the small unmanned airplane for radiation monitoring system (UARMS) in FukushimaJAXA and the Japan Atomic Energy Agency (JAEA) conducted flight tests of aerial radiation monitoring using the new version of the UARMS in 

Minamisōma, Fukushima Prefecture, on December 20, 2015.The UARMS has been jointly developed by JAXA and JAEA since 2012.The new UARMS may seem to be the same as the previous prototype 

version because of its appearance, but many new features have been added into the system for longer endurance and safer, more precise 

monitoring missions.
The structure design was renewed to ensure a lighter, stronger airframe, and the fuel tank capacity was increased so that the aircraft could fly 

for up to six hours. JAXA also renewed the onboard system architecture by adding system redundancy, an in-flight failure detection algorithm, and automatic recovery and flight termination functions, including Return-To-Base mode, forced landing using automatic glide mode, emergency parachute, and spin descent applying full rudder.  The flight test results demonstrated not only the operational capability of the UARMS in evacuation zones but also the quick, precise aerial radiation mapping functions of the JAEA's radiation detection and analysis system.After the UARMS R&D program, JAXA is going to transfer its technologies, such as the aircraft design data and operation and maintenance procedures, to JAEA so that they can apply the resources to their continuous monitoring missions and make improvements to the small UAV.
* See FLIGHT PATH No. 1/2 and No. 5/6 for details.

Preparing the small unmanned airplane for UARMS (Unmanned Airplane for Radiation Monitoring System) for takeoff on the runway




