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ABSTRACT 

Extreme environments pose significant challenges in the aerospace and defense fields. 
Prior to equipment deployment, dynamic testing is often conducted to identify potential failure 
points from high shock. Accelerometers are vital sensors for characterizing system response to 
transient inputs, such as impact and vibration, faced by atmospheric reentry vehicles or explosive 
protection equipment. However, accurate data collection is often inhibited by sensor damage or 
nonlinear response to dynamic inputs. A controlled experimental system capable of recreating 
extreme conditions is needed to assess sensor limitations and design options prior to full-scale 
structural testing. Conventionally built for high strain-rate material testing, a Split Hopkinson 
Pressure Bar uses colinear elastic bar impact to produce high energy, short-duration stress waves. 
Material samples are sandwiched between elastic bars and dynamic properties are derived from 
stress waves reflected by or transmitted through the sample. 

In this work, a modified Hopkinson Pressure Bar was developed to assess accelerometer 
response to high-energy, dynamic inputs. The modified system consists of a gas gun that propels 
a short steel striker into a longer steel incident bar, producing a nondispersive stress wave. A 
single-axis Endevco 7270 piezoresistive accelerometer is mounted on a fly-away structure 
aligned with the incident bar. The stress wave that reaches the accelerometer creates a shock 
impulse of similar magnitude and frequency as an explosive test.  

The Hopkinson Pressure Bar was characterized with a range of input configurations and 
produces acceleration pulses with amplitudes up to 100,000 g and durations of 0.2 ms. Strain 
signals were compared to accelerometer output in two mounting configurations over a range of 
shock levels. There was good agreement between strain-derived acceleration and peak 
accelerometer accelerations. Experimental system capabilities and limitations are presented 
alongside current challenges and directions for future research. The setup developed for this 
research increases sensor and material testing capabilities under extreme environmental 
conditions. 
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INTRODUCTION 

High explosives are often used to test complex physical systems prior to field deployment 

in order to identify potential failure points. In explosive environments, understanding system 

response to mechanical shock is a vital component of structural design. The high-energy 

transient accelerations present in a pyroshock event can excite a system’s natural resonant 

frequency causing structural vibration and potential failure. Accelerometers rated for high shock 

testing are used to capture local structure response to dynamic stresses and evaluate locations 

susceptible to failure. Although a structure under test may not be damaged from high frequency 

vibrations, these excitations can cause sensors to resonate and ultimately fail [1]. It is therefore 

critical to protect accelerometers from sensor damage while maintaining their accurate response 

to complex shock loads.  

A controlled and repeatable experimental shock environment is required to assess 

accelerometer performance in explosive conditions. For accelerometers used in pyroshock 

environments, test durations must be less than 20 ms with acceleration amplitudes in the 1,000 to 

100,000 g range [2]. While no standard exists for high shock accelerometer testing, Hopkinson 

Pressure Bar systems have been used for decades to test accelerometers above 10,000 g and a 

modified system was chosen to test unprotected and mechanically isolated accelerometers in this 

thesis. The system presented herein has a demonstrated test duration under 0.2 ms with 

approximate acceleration amplitudes from 10,000 to 100,000 g.  

The piezoresistive Endevco 7270A-20k accelerometer, with a 20,000 g linear range and 

60,000 g survivability, was selected for this work due to its extensive characterization in 

literature. Furthermore, the 7270A line is considered the standard in shock measurement and 
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often used as a benchmark for new high shock accelerometer designs. Higher range models, with 

linear responses up to 60,000 or 200,000 g are subject to ITAR and were too expensive for this 

work. To evaluate sensor response with and without protection, the accelerometer was tested in a 

direct-to-system configuration and in a commercial mechanical isolation mount. 

Objectives 

The overall objective of this thesis is to investigate accelerometer response to modified 

input conditions in high-impact testing. The objectives were as follows: 

1. Understand the phenomena of mechanical shock and identify accelerometer uses and 

limitations during shock data collection. 

2. Develop a controlled experiment capable of recreating pyroshock conditions to test 

accelerometer response. 

Scope 

 In this work, a Split Hopkinson Pressure Bar was constructed and characterized to be 

used in a single bar test configuration for high-shock accelerometers.  
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BACKGROUND 

Mechanical Shock 

Prior to deployment, many mechanical systems undergo testing to assess performance in 

dynamic environments. A primary response identification method is acceleration measurement. 

Response to acceleration, a vector quantity which defines the rate of change of velocity, and 

derivatives shock and vibration, is a vital consideration in designing mechanical systems that 

may encounter such conditions in service. Understanding shock response is of particular interest 

in the aerospace, automotive, defense, and energy industries among others.   

Although both are categories of acceleration, shock differs from vibration. Vibration is a 

broad category of oscillatory motion which can be random or periodic. Six editions of the Shock 

and Vibration Handbook describe shock as the dynamic excitation of a mechanical system with a 

relatively short duration when compared to physical system response [3]. While there is no 

single standard defining numerical shock parameters, it is accepted that shock loading is system 

dependent.  Shock magnitude is given in units of g where 1 g =  9.81 m
s2

; the constant 

acceleration due to gravity on the earth’s surface. Systems subject to shock can experience a 

wide range of intensities, from just a few g to over 100,000 g. Independent of magnitude, most 

mechanical shocks have a duration less than 20 milliseconds [4]. Simple shock can be described 

by mathematical forms such as square, sawtooth, and parabolic pulses. Although these forms 

lend themselves to easy analysis, they are not realistic in practice. Complex shock better 

describes natural phenomena but is difficult to describe analytically [5], [6]. 

Pyroshock conditions, a subset of sudden complex shock stemming from explosives, pose 

unique analysis issues due to their brief duration and complex physical nature. The Department 
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of Defense defines pyroshock as having frequency ranges up to 1 MHz, durations between 50 µs 

to 20 ms, and acceleration amplitudes from 300 to 300,000 g [2]. The NASA-STD-7003 defines 

three categories of environmental pyroshock: near-field, with accelerations above 10,000 g, mid-

field, with accelerations between 1,000 and 10,000 g, and far-field, with accelerations below 

1,000 g. The NASA standard suggests describing a pyroshock event by either “its absolute peak 

acceleration and its duration” or “the frequency content…shock response spectra (SRS)” [4]. The 

research in this thesis is concerned with accelerometers used in high shock situations to 

characterize system response before deployment and focused on peak acceleration as a measure 

of accelerometer response to shock pulse input. For this work, high shock is considered a 

transient acceleration with a duration of less than 20 ms and a magnitude of more than 1,000 g. 

Measurement with Accelerometers 

Accelerometers are an integral part of many everyday systems. They measure the 

acceleration of phones, smart watches, cars, and many experimental test systems, most of which 

undergo some level of mechanical shock during routine use. To understand accelerometer 

measurement and capability, it is important to understand accelerometer structure.  

Accelerometers are part of the analog input transducer sensor family, meaning they 

convert a non-electrical signal, acceleration, into an electrical signal, voltage. The history of 

accelerometer technology has been discussed in-depth many times before. Patrick Walter of 

Texas Christian University published a review of accelerometer history from 1940-1996. The 

review covers the advent of accelerometer development, industry commercialization, and 

calibration development [7]. Progress in accelerometer development in subsequent decades has 

focused on Micro Electromechanical Systems (MEMS) fabricated with bulk or surface 
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micromachined silicon wafers [8], [9]. A suspended mass moves in response to external 

acceleration, and when supplied with an excitation voltage the structural change is translated into 

an electrical signal. There are three primary MEMS accelerometer types characterized by sensor 

technology: piezoresistive, piezoelectric, and variable capacitive.  

Piezoresistive (PR) accelerometers contain a material that changes electrical resistance 

when squeezed or pressed [8]. Functioning as a spring-mass system, a piezoresistive material is 

deposited on silicon beams, the springs, which suspends the mass. During acceleration, the mass 

moves due to its inertia and flexes the silicon beams, thus altering the resistance in the 

piezoresistive material. The sensor is enclosed in a sealed housing to prevent environmental 

influences [10].   

Piezoelectric (PE) accelerometers follow similar construction to piezoresistive 

accelerometers but with a different sensing mechanism. The seismic mass motion is translated to 

piezoelectric crystals on the silicon beams. The crystal deformation results in an electric 

polarization change, positive and negative charge concentrations on opposing sides. Electrodes 

on the material collect the charge and act as capacitors where the PE material is the gap between 

plates. Gap size, material permittivity, and overlap determines capacitance, relating a charge to a 

voltage [8]. While the voltage can be measured directly, amplifier circuits are often used 

externally or integrated directly into the accelerometer housing due to high output impedance 

and low signal. 

The third category of MEMS accelerometers use capacitive sensing to convert 

acceleration to voltage. The capacitance is defined between two or more conductor plates and 

changes as the distance between plates grows or shrinks. Variable capacitance (VC) 
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accelerometers can use a parallel plate structure or a comb structure. Combs have increased 

sensitivity due to the larger sensing area.  

All three MEMS accelerometer technologies have properties that make them useful for 

different applications. Selection depends on mechanical, electrical, and environmental conditions 

and constraints. The low sensitivity and high resonance frequency make PR accelerometers 

appropriate for sudden shock situations where range is more important than continuous 

monitoring of small motion. PE accelerometers function well during vibration measurements and 

applications with extreme temperatures. VC accelerometers are sensitive and lower range 

making them ideal for steady-state measurements or low amplitude shock pulses. Many guides 

are available to assist users in application specific accelerometer selection [11]–[13]. For the 

scope of this research, the Endevco 7270A piezoresistive accelerometer was chosen for analysis 

under different input conditions.  

The Endevco 7270A accelerometer line was developed in the early 1970’s and marketed 

in 1984 as the first piezoresistive accelerometer with a range up to 200,000 g and a 1.2 MHz 

resonant frequency [7]. Although mechanical failures are well documented for the 7270A 

system, they are still considered a standard in the high-shock testing arena [1], [14], [15]. Used 

for defense and aerospace development, Endevco markets 7270A accelerometers with linear 

ranges from 2,000 g to 200,000 g [16]. The 20k model was chosen for this research, with a linear 

range of 20,000 g and a 60,000 g shock limit. Higher range models are subject to International 

Traffic in Arms Regulations (ITAR) and were therefore not considered for this stage of research. 
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Accelerometer Mounting Schemes 

Mounting structure is arguably the most important aspect of accelerometer use. If the 

input frequency spectrum of the shock wave contains frequency components that equal or exceed 

the natural frequency of an accelerometer it can vibrate to the point of mechanical failure. The 

mounting structure can alter the range of vibration frequencies seen by an accelerometer. Four 

basic mounting options are available: magnetic, adhesive, handheld, and stud mounting. Of 

these, stud mounting provides the most sensitivity under high frequency vibrations. Magnetic 

mounting is restricted by the ferromagnetic properties of the test fixture. Both magnetic and 

adhesive mounting techniques reduce sensitivity, which can protect sensors, but may introduce 

issues depending on the mounting material. The material’s natural frequency affects vibration 

attenuation, altering the frequency spectra seen by the accelerometer. This can be used 

intentionally to dissipate high frequency signal content and reducing transducer stress [17]–[20]. 

The graphic below from DEWESoft illustrates accelerometer sensitivity relative to input 

frequency. The stud mount is shown to capture the widest frequency spectrum.  
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Figure 1: Bandwidth reduction from different accelerometer mounting methods [21]. 

 Accelerometer mounting structure and material choice should be a primary consideration 

when determining the frequency range of interest.  

Shock Testing Techniques for Accelerometers 

Physical excitation techniques for shock testing accelerometers include drop-ball, drop-

tower, ballistic pendulum, plate impact, and Hopkinson bar systems [1], [3], [22]. Accelerometer 

shock tests are typically characterized by high energy, short duration impulses, on the order of 
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micro to milliseconds. Acceleration magnitude, reported as peak-g or peak acceleration, varies 

depending on technique [23], [24]. Tsutsui et al. explored a series of drop tower shock tests in 

2014 for accelerometers with peak accelerations below 1,000 g [14]. In 2021 PCB Piezotronics 

published a white paper evaluating eleven high shock accelerometers with an explosives-based 

pyrotechnic experiment [1]. Their experiment reported acceleration peak levels from 6,000 to 

15,000 g over 500 µs tests. Researchers at Sandia National Laboratories have numerous 

publications using a Hopkinson Bar system to shock test accelerometers from 10,000 to 200,000 

g [25], [26].  

Critically, effective characterization requires repeatable experiments with controlled 

input conditions. Of the listed systems, the Hopkinson bar is governed by simple mathematics, 

has numerous options to modify input conditions, and is a primary tool used by manufacturers to 

evaluate accelerometers [1], [17], [22], [26], [27].  

Due to the dynamic nature of shock events, data acquisition requires high sample rate 

collection. In digital signal processing, sampling theorem requires sample rate exceed the 

Nyquist rate, or more than twice the highest frequency signal component [28]. For a shock test 

with potential frequencies above 500 kHz, a sample rate of more than 1 MHz is required to 

capture all signal information. 

Hopkinson Bar History and Use 

The modern Hopkinson Pressure Bar (HPB) structure was first reported by Bertram 

Hopkinson in 1914 as a method for measuring detonation or impact pressure. Hopkinson used a 

cylindrical steel rod with a rifle bullet creating a compressive pulse in the rod and reflecting from 

the free end as a tension pulse. Although referencing elastic wave dispersion by Love in 1906, 
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Hopkinson’s experiment measured the momentum of a small fly-away “time piece” rather than 

the wave propagation within the steel cylinder [29], [30].  

In 1947 R. Davies published a review of the HPB system design in which bar strain was 

measured with cylindrical condenser microphones and a cathode-ray oscillograph. Davies 

concluded that a Hopkinson pressure bar undergoes nonlinear displacements when the wave rise 

time is too short. This makes accurate pressure measurements impossible over time scales on the 

order of 1 μs [31].  

H. Kolsky is attributed with the third major contribution to HPB experimental design in 

1949. In this work Kolsky measured mechanical properties of several materials using two bars 

with the chosen material placed between bars. Much like Davies, Kolsky used cylindrical 

condenser microphones to measure wave propagation in both bars. Kolsky calculated the strain-

time system response as the difference between displacements with and without a material 

specimen between bars. His work was the first to produce dynamic stress-strain plots of vastly 

different materials where specific time intervals allow calculation of stress-time and strain-time 

histories [32]. The multi-bar system introduced by Kolsky, which uses a “pressure” bar and an 

“extension” bar, has since been referred to as a Kolsky Bar or Split Hopkinson Pressure Bar 

(SHPB).  

Although nomenclature varies, typical SHPB systems consist of a striker bar, an incident 

bar, and a transmission bar. Strain gauges on the incident and transmission bars measure stress 

waves, replacing the microphones employed by Davies and Kolsky. HPB systems include only a 

striker and incident bar. Rather than a transmission bar, HPBs often have a test item of interest in 
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contact with or attached to the incident bar. A simplified diagram of a SHPB and an HPB is 

depicted in Figure 2.  

 

 

Figure 2: Simplified diagram of (a) Split Hopkinson Pressure Bar for high strain rate 
compression testing and (b) a Hopkinson Pressure Bar with a test item (such as an 

accelerometer) in contact with the incident bar. 

Broadly, SHPBs are used to test materials under high strain rates by investigating the 

relationship between three strain waves: an incident wave produced by colinear impact from a 

striker, a reflected wave from the discontinuity where the incident bar meets the sample, and a 

wave transmitted through the material sample into a transmission bar. Many SHPB designs have 

been developed to test material specimens in compression, tension, shear, and torsion [33]–[35]. 

A typical compression setup was published by Maassen et al. in the journal of Computational 

Particle Mechanics in 2021 [35]. In their design, a steel alloy sample is heated and compressed 

between an incident and transmitter bar to investigate high strain-rate deformation. The sample, 

schematic, and experimental setup is depicted in Figure 3. 
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Figure 3: “Experimental setup of [a] Split-Hopkinson-Pressure-Bar a Exemplary specimen 
consisting of 42CrMo4 [steel] before and after the experiment. b Schematic of experimental 

setup including all components. c Depiction of the placement of the specimen between incident 
and transmitter bar with aligned pyrometer.” Image and caption from [35] (CC by 4.0) 

The test setup above uses steel incident and transmission bars, each 1.5 m long and 14 

mm in diameter. The characteristic compression test waves can be seen in Figure 4. Specimen 

stress-strain response is derived from the difference in reflected and transmitted information. 

 

Figure 4: “Measurement data from the strain gauges after initial impulse.” Image and caption 
from [35] (CC by 4.0) 

According to Professors Gama, Lopatnikov, and Gillespe in 2004, HPB and SHPB 

techniques are not standardized due to “the inherent complexity of the data analysis in the 

presence of dispersion in a finite diameter bar, friction, and the inertial effects on the specimen” 

[33]. The high-frequency radial oscillations, acknowledged as pressure dispersion by Davies and 

Kolsky, are known as Pochammer-Chree modes in literature [33], [36]. The fundamental 
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dispersive nature of rods is described by Graff as lateral displacements resulting from the 

Poisson effect and longitudinal displacements [36]. This description is first attributed to 

Pochammer in 1876 and Chree in 1889. Mathematical corrections can be made to account for 

wave dispersion due to Pochammer-Chree modes and can be necessary for complex analysis 

[37]. However, single dimensional, non-dispersive stress wave propagation theory illustrates the 

basic function of HPBs and SHPBs and will be discussed in the next section. 

Although not standardized, HPB systems have been used extensively in literature to test 

high-g accelerometers [15], [25], [26], [38], [39]. Specifically, the Endevco 7270A 

accelerometer line have been used with HPBs since the 1990s [25], [26]. HPBs lend themselves 

to high acceleration tests due to bar tip accelerations between approximately 10,000 to 200,000 g 

[14], [15], [25], [40]. Additionally, the stress wave produced in an HPB test can be controlled 

through pulse shaping, striker length, impact velocity, and bar material. 

Governing Equations 

HPB and SHPB systems can be characterized by several equations, depending on their 

structure and use. This section will discuss elastic wave theory for a single elastic bar, the 

relationship between measured strain and velocity, stress wave transmission between colinear 

bars, and wave behavior at discontinuities.  

Elastic Wave Theory 

One dimensional elastic wave theory describes stress propagation in Hopkinson Bar systems, 

but appropriate application depends on several fundamental assumptions. 

1. Bar material is homogeneous and isotropic 
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2. Bars have uniform cross-sectional area along their entire length 

3. Bar material behaves elastically following Hooke’s law   

Under these conditions, consider a differential element 𝜕𝜕𝜕𝜕 within an elastic bar, shown in Figure 

5. As a wave moves across the bar from left to right, 𝜕𝜕𝜕𝜕 experiences a varying stress field σ(x,t), 

and longitudinal displacement u(x,t). The forces in the bar can be described with Newton’s 

second law, F=ma. 

 

Figure 5: (a) Longitudinal displacement of a one-dimensional element, (b) stresses acting on the 
differential element. Adapted from Graff [36] and Rigby et al.[36], [41]. 

Neglecting body forces in the element, the second law F=ma becomes,  

 −𝐴𝐴𝐴𝐴 + �𝐴𝐴 +
𝜕𝜕𝐴𝐴
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕�𝐴𝐴 = 𝜌𝜌𝐴𝐴𝜕𝜕𝜕𝜕
𝜕𝜕2𝑢𝑢
𝜕𝜕𝑡𝑡2

 Eq. 1 

where the element mass m=ρAdx with density ρ and cross-sectional area A. Under the elastic 

material assumption Hooke’s law applies, 

 𝐴𝐴 = 𝐸𝐸𝐸𝐸 Eq. 2 

where E is Young’s modulus and ε=𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 is the axial strain. Substituting Hooke’s law and axial 

strain into Eq. 1, the equation becomes, 
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 𝜕𝜕
𝜕𝜕𝜕𝜕

�𝐸𝐸
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕
� = 𝜌𝜌

𝜕𝜕2𝑢𝑢
𝜕𝜕𝑡𝑡2

 Eq. 3 

The homogeneous assumption means E and ρ do not vary with location. Thus, for a dispersion-

free bar, the simple wave equation becomes, 

 
𝜕𝜕2𝑢𝑢
𝜕𝜕𝜕𝜕2

=
1
𝑐𝑐𝑜𝑜2

𝜕𝜕2𝑢𝑢
𝜕𝜕𝑡𝑡2

,       𝑐𝑐𝑜𝑜 = �
𝐸𝐸
𝜌𝜌

 163.Eq. 
4 

where u(x,t) describes the longitudinal displacement of a bar cross section, and co is the wave 

propagation velocity within the bar material. D’Alembert’s solution applies to 163.Eq. 4 for 

infinite length thin rods, 

 𝑢𝑢(𝜕𝜕, 𝑡𝑡) = 𝑓𝑓(𝜕𝜕 − 𝑐𝑐𝑜𝑜𝑡𝑡) + 𝑔𝑔(𝜕𝜕 + 𝑐𝑐𝑜𝑜𝑡𝑡) Eq. 5 

where arbitrary functions f(x,t) and g(x,t) correspond to waves moving at velocity 𝑐𝑐𝑜𝑜 in the 

positive and negative directions respectively. Considering a wave travelling in the positive x 

direction only, the bar strain is the derivative of position with respect to location,  

 𝐸𝐸(𝜕𝜕, 𝑡𝑡) =
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

= 𝑓𝑓′(𝜕𝜕 − 𝑐𝑐𝑜𝑜𝑡𝑡) Eq. 6 

The stress in the bar is related by Hooke’s law, Eq. 2, and Eq. 6 becomes, 

 𝐴𝐴(𝜕𝜕, 𝑡𝑡) = 𝐸𝐸𝐸𝐸(𝜕𝜕, 𝑡𝑡) = 𝐸𝐸𝑓𝑓′(𝜕𝜕 − 𝑐𝑐𝑜𝑜𝑡𝑡) Eq. 7 

The velocity field within the elastic bar is given by the derivative of position with respect to 

time, 

 𝑣𝑣(𝜕𝜕, 𝑡𝑡) =
𝜕𝜕𝑢𝑢
𝜕𝜕𝑡𝑡

= −𝑐𝑐𝑜𝑜𝑓𝑓′(𝜕𝜕 − 𝑐𝑐𝑜𝑜𝑡𝑡) Eq. 8 

Combining Eq. 8 with Eq. 7 or Eq. 6 yields the relationship between velocity, stress, and strain in 

an elastic bar, 
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 𝑣𝑣(𝜕𝜕, 𝑡𝑡) =
−𝑐𝑐𝑜𝑜
𝐸𝐸

𝐴𝐴(𝜕𝜕, 𝑡𝑡) = 𝑐𝑐𝑜𝑜𝐸𝐸(𝜕𝜕, 𝑡𝑡) Eq. 9 

These equations form the fundamental operating principles of HPB and SHPB systems. They 

explain the relationship between displacement, stress, and strain for wave propagation in an 

elastic bar. 

Wave Reflection and Transmission 

 The above derivation applies to infinite rods, but a similar approach can be applied to 

finite length rods. In a SHPB system there are typically two locations where a stress wave is 

transmitted between materials: the interface between striker and incident bar, and between 

incident and transmission bar.  

Stress wave transmission or reflection characteristics depend on boundary conditions. 

Graff illustrates displacement and stress wave reflection for free and fixed boundary conditions 

in section 2.2 of Wave Motion in Elastic Solids [36]. In these pictorial examples, a centerline 

boundary exists between two semi-infinite elastic rods. A displacement and corresponding stress 

pulse propagate from the right-hand side toward the boundary. A symmetric image, shown with 

dashed lines, propagates from the left-hand side to satisfy the boundary conditions. For a fixed 

boundary,  

 𝑢𝑢(0, 𝑡𝑡) = 0 Eq. 10 
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Figure 6: Displacement u(x,t) and stress σ(x,t) pulse propagation and reflection from a fixed 
boundary [36]. 

The displacement pulse, on the left side of Figure 6, reflects from a fixed boundary 

inverted due to Newton’s third law. The derivative stress pulse becomes superimposed, doubling 

value at the boundary, seen in (b) and (c). After this stress multiplication occurs, the wave 

reflects in the same form, i.e., a compressive pulse reflects in compression and a tensile pulse 

reflects in tension.  

The opposite is true for a free end condition, 

 𝜕𝜕𝑢𝑢(0, 𝑡𝑡)
𝜕𝜕𝜕𝜕

= 0 Eq. 11 

 As Hopkinson and Kolsky observed through a fly-away timepiece, a free end condition results 

in stress reversal [30], [32]. This phenomenon is described pictorially in Figure 7 [36]. 
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Figure 7: Displacement u(x,t) and stress σ(x,t) pulse reflection from a free end condition [36] 

In this case a compressive stress wave reflects from the free boundary in tension, and a tensile 

wave reflects in compression. The elastic bars in HPB and SHPB systems move in low-friction 

bushings and therefore exhibit free end condition behavior. 

For an HPB or SHPB, impact from a striker bar produces a compressive wave in an 

incident bar. The loading duration T is mathematically described by 

 𝑇𝑇 =
2𝐿𝐿
𝑐𝑐𝑠𝑠𝑠𝑠

  Eq. 12 

where L is the striker length and 𝑐𝑐𝑠𝑠𝑠𝑠 is the wave propagation velocity for the striker material. 

Assuming the striker and incident bar have the same geometry and material impedance, the stress 

wavelength is twice that of the striker, as depicted in Figure 8. The impact causes a compressive 

stress wave to propagate through both striker and incident bar, away from the contact surface 

(8a). When the wave in the striker reaches the free end, it reflects in tension (8d). The 



19 
 
compressive wave in the incident bar stops lengthening and the two bars separate once the tensile 

wave reaches the contact interface (8f). 

 

Figure 8: Stress wave generation during colinear impact of a striker and incident bar, adapted 
from Sharma et al. [42]. 

A similar relationship exists between the incident and transmission bars in an SHPB. 

When the bars have the same properties and are aligned the entire compressive wave passes from 

the incident bar to the transmission bar. Both bars remain in contact until the tensile wave 

Compression

Tension

2L

2L

(a)

(b)

(c)

(d)

(e)

(f)
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reflected from the free end of the transmission bar reaches the incident-transmission interface. At 

that point the bars will separate, and the stress wave will continue to reflect within the 

transmission bar until it naturally attenuates. 

Wave Behavior at a Discontinuity 

To evaluate high shock accelerometers, an HPB is often used rather than a multi-bar 

SHPB system. There are two main methods of testing accelerometers on HPBs. In the first 

method, an accelerometer is mounted directly to the incident bar. In this case the acceleration at 

the mounting location can be calculated from measured incident strain. The second method 

involves mounting an accelerometer on a fly-away, held in contact with the incident bar until 

propagating tensile stress causes separation. When there is a discontinuity, either in the material 

or the cross-sectional area, only a portion of the incident wave is transmitted. 

An HPB configuration with an accelerometer fly-away is shown in Figure 9. As depicted 

in the previous section, impact between striker and incident bar causes a compressive wave to 

propagate in both bars (9a). As the wave travels through the incident bar, the fly-away is 

unaffected (9b). Part of the wave is transmitted into the fly-away and the tensile reflection causes 

separation (9c).  
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Figure 9: A three-stage diagram of a propagating strain wave in an HPB with fly-away 
accelerometer. Adapted from Angello et al. [40] 

In contrast to the striker-incident bar wave propagation, detailed in Figure 8, the incident-

fly-away interface has only partial wave transmission before separation. This partial transmission 

is due to an impedance mismatch between incident bar and fly-away. 

 Material impedance is the ratio of driving force to particle velocity within a structure. 

This relationship comes from the concept of electrical impedance, with a voltage driven current 

analogous to a force driven velocity [36]. In a prismatic rod, impedance follows 

 𝑍𝑍 =
𝐹𝐹
𝑉𝑉

= 𝜌𝜌𝐴𝐴𝑐𝑐𝑜𝑜 Eq. 13 
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where ρ is material density, A is the cross-sectional area, and co is the wave propagation velocity. 

The impedance ratio of two materials dictates how much of an elastic incident wave is 

transmitted and how much is reflected. Thus, the transmitted and reflected stresses are given,  

  𝐴𝐴𝑠𝑠 =
2�𝑍𝑍2𝑍𝑍1

�(𝐴𝐴1𝐴𝐴2
)

1+ �𝑍𝑍2𝑍𝑍1
�
𝐴𝐴𝑖𝑖  ,  𝐴𝐴𝑟𝑟 =

�𝑍𝑍1𝑍𝑍2
�−1

1+ �𝑍𝑍2𝑍𝑍1
�
𝐴𝐴𝑖𝑖  Eq. 14 

respectively. By Hooke’s law the same relationship exists between incident and reflected strain. 

Using Eq. 14 the strain gauge readings from an HPB can predict the magnitude of strain 

transmitted into a fly-away with known dimensions and material properties. The velocity and 

acceleration can be calculated from the derivative relationship presented in 163.Eq. 4 through 

Eq. 9. 
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METHODS 

System Construction 

Based on the literature review conducted above, an HPB test was chosen as the 

experimental method for this research. This section covers the construction of a tabletop HPB 

system, including data collection methods and system verification. The system can be used as an 

SHPB with two bars for compression testing on material specimens, or as an HPB with a single 

bar and fly-away pieces for testing accelerometers. 

Split Hopkinson Pressure Bar components 

The SHPB system consists of a gas gun launch system, maraging steel incident and 

transmission bars, a set of steel striker bars, a photosensor velocity gate, and a strain gauge 

conditioner connected to an oscilloscope. The incident and transmission bars are supported and 

aligned by lathe rests with Delrin bushings. The entire system is bolted to two aluminum plates 

set on a table. An SHPB system was designed and partially built for an MSU mechanical 

engineering capstone project in 2008. Although the capstone project was never fully functional, 

the steel bars, aluminum base, and bar alignment lathe supports, Figure 10, were repurposed for 

the work in this thesis.  

 

Figure 10: Original SHPB system. Steel bars and one lathe rest are emphasized. 
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Figure 11 shows a portion of the current SHPB setup, with the velocity gate, striker, and 

both incident and transmission bars.  

 

Figure 11: Main section of SHPB setup. The striker impacts the left side of the incident bar. 

Three set screws on each lathe rest allow dual axis adjustment. Alignment is done with a 

bubble level and by feel at bar contact points. The Delrin bushings allow low-friction single-

dimension motion without extensive polishing. A center channel in each bushing creates more 

contact area with the lathe rests, improving stability and alignment.  

 

Figure 12: View of SHPB showing support and alignment structure for the incident bar. 
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Acrylic safety boxes are fitted between the launch tube and incident bar, and the incident 

and transmission bars. The barrel side box, Figure 13a, has a small magnetic closure and multiple 

hinges to facilitate reloading access and security during testing. Both boxes were hand-cut from 

shatterproof acrylic and have large diameter holes to allow bar adjustment without box edge 

contact.  

  

(a) (b) 

Figure 13: Acrylic safety boxes, (a) between barrel and incident bar, and (b) between incident 
and transmission bars. 

Gas pressure is used to drive the striker bar down the launch tube. The gas reservoir, a 

one-gallon pressure vessel, pictured in Figure 14, is connected to an air hose supplying 125 psi 

compressed air. Air is released to the launch tube with a magnetically actuated solenoid valve. 

Input pressure is read on an Omega pressure gauge with 0.05 psi accuracy and 15 psi range. 

Another gauge, used during initial testing, is available for higher input pressures but is less 

accurate.  
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Figure 14: Pressure launch system with supplied air, pressure tank, pressure gauge, and solenoid 
leading to launch tube. 

The launch tube is a 10.19 mm inner diameter seamless stainless-steel tube and connected 

to the solenoid via a brass compression fitting. For testing, the striker bar is manually loaded into 

the launch tube from the right side. Prior to each test the striker is pushed up the launch tube with 

a cut off electrical cord. To ensure stability and alignment, the tube is secured to a machined 

aluminum channel with rubber padded U-bolts shown in Figure 15.  

 

Figure 15: The SHPB launch tube and alignment system. 
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The launch tube has four pressure release holes 300 mm from the impact end, as seen in 

Figure 16. The hole location was chosen as the longest available striker length from the velocity 

measurement system allowing for sufficient acceleration distance, while ensuring constant 

velocity impact with the incident bar. 

 

Figure 16: Pressure relief holes, circled in red, on the launch tube. 

The incident, transmission, and two striker bars are nominally 9.67 mm diameter 

maraging (VascoMax C-350) steel [43]. Both incident and transmission bars are 0.762 m long. 

Seven striker bars, Figure 17, are available with properties described below in Table 1. Bars A 

and B are maraging steel and were acquired with the incident and transmission bars from the 

original capstone system. Bars C-G were trimmed from three “high speed steel” rods. Exact 

material properties for these bars are unknown, however they are assumed to be High-Speed 

M42 Tool Steel1.  

 

1 No material certificates were available for steel bars acquired from the previous SHPB project. Material properties 
are either assumed based on the 2008 capstone report or measured in this research. The M42 tool steel assumption is 
based on laser printed “HSS” on each bar and consult with the Montana State University Machine Shop.  
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Figure 17: Currently available striker bars for SHPB testing. The two longest bars are identical 
steel to the incident and transmission bars. 

Table 1: SHPB available striker bars with measured dimensions and material properties. 

Striker 
Reference Bar Material Length (m) Diameter (mm) Mass 

(g) 
Geometric 

Density (kg
m3) 

A C-350 steel 0.233 9.67 137.492 8046 
B C-350 steel 0.156 9.67 92.137 8052 
C M42 steel 0.128 9.53 72.788 8025 
D M42 steel 0.101 9.53 57.788 8026 
E M42 steel 0.076 9.53 43.209 8026 
F M42 steel 0.050 9.53 28.563 8017 
G M42 steel 0.025 9.53 14.119 8018 

 
To align each striker bar in the launch tube, there are two sections of tape on the front and 

back ends, shown in Figure 18. The tape is Teflon PTFE 0.004” thickness and each section has 

two layers of tape. In addition to alignment, the tape reduces the friction between the striker and 

the launch tube. 

 

Figure 18: Striker B with low friction tape wrapped around each end for alignment 
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Modifications for Accelerometer Testing 

To test accelerometers, the SHPB setup described in the previous section was modified to 

a Hopkinson Bar, Figure 19. In this configuration, the transmission bar was replaced with a steel 

fly-away. 

 

Figure 19: HPB setup for accelerometer testing. 

The Endevco 7270A-20k accelerometer, Figure 20, is a single-axis undamped 

accelerometer. Housed in a 17-PH CRES steel case, it has an integrated 36 AWG silver-plated 

copper shielded cable.  

 

Figure 20: An Endevco 7270A-20k PR accelerometer used in HPB testing. 

Two mounting configurations were explored in this work. The first used manufacturer 

supplied 4-40 high strength screws to attach the accelerometer directly to a steel fly-away. The 

second configuration involved mounting the accelerometer in an Endevco M6 mechanical 
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isolator, Figure 21 [44]. The M6 mechanical isolation mount was designed by researchers at 

Sandia National Laboratories to reduce reported Endevco 7270 sensor failure [19]. It is a steel 

sandwich type mount which houses the accelerometer between two polysulfide rubber pads. The 

rubber helps attenuate high frequencies which may cause sensor resonance. 

 

Figure 21: Endevco 7270A in an open M6 mechanical isolation mount. 

In both configurations, the accelerometer was mounted on a steel fly-away puck. Two 

fly-away pucks were machined from high strength 1144 steel. Pictured in Figure 22, one puck 

had a single tapped hole for the Endevco 7270A accelerometer in a commercial M6 isolation 

mount and the second had two tapped holes to directly mount the Endevco 7270A accelerometer.  

 

Figure 22: Machined steel mounting puck for M6 isolation mount (left) and direct accelerometer 
mounting (right). 



31 
 

The safety box between incident and transmission bars in the SHPB setup was replaced 

by an acrylic box with a piece of clay to serve as a catch for the fly-away accelerometer 

assembly, pictured in Figure 23. The catch stopped the fly-away after approximately 50 mm 

horizontal travel, preventing uncontrolled impact and ricochet post-separation. Sculpy oven-dry 

clay was chosen after repeated experiments were performed with six different catch materials. A 

25 mm piece of vinyl tubing aligns and secures the fly-away prior to impact.  

 

Figure 23: HPB fly-away box with clay to catch accelerometer fly-away. 

Data Acquisition  

 Data acquisition consisted of three parts: striker velocity measurement, strain signal 

conditioning, and accelerometer voltage collection. The following subsections discuss each 

component. 
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Striker Velocity 

The striker velocity measurement system consists of 3 Panasonic EX-31A-PN 

photoelectric through beam sensors. The sensors are PNP output 12VDC with a response time of 

0.5 ms or less [31]. Each sensor pair is positioned one inch apart with all three offset one inch 

from the launch tube end. To facilitate manual alignment with holes in the launch tube, the 

sensors are mounted on adjustable aluminum brackets, shown in Figure 24. Individual sensors 

can be shifted vertically, and each bracket can be moved horizontally and rotated. When the 

emitter and receiver pairs are aligned, the receiver displays a green light. 

 

Figure 24: Panasonic EX-31A-PN photoelectric sensors in adjustable aluminum brackets. 

The sensors are wired to a custom data acquisition system (DAQ) with an Adafruit Metro 

Mini microcontroller. A 12 V AC to DC converter powers both the DAQ and the sensors. All 

system components can be seen in Figure 25. 
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Figure 25: Striker velocity measurement system with sensors, power supply, and DAQ. 

The 12 V signal from each sensor is reduced to 5 V with a voltage divider and connected 

to an analog pin on the microcontroller. The microcontroller code, written in C++ in the Arduino 

IDE, calculates the velocity between the first and second sensor and the second and third sensor 

by assigning start and stop times for each laser trip. Both velocities are displayed on an OLED 

screen and all intermediate data can be accessed with the Arduino serial monitor when connected 

to a computer. Between each test, the reset button next to the OLED restarts the script. The 

microcontroller, screen, and voltage divider circuit are contained in a small protective box, seen 

in Figure 26. A removable micro-USB cable facilitates connection to a laptop to monitor or 

update the code. The complete script is included in Appendix A. 
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Figure 26: Velocity DAQ interior with breadboard, microcontroller, and OLED screen. 

Subsequent calculations use the velocity measured closest to impact location. The first 

measured velocity serves as a check to confirm the striker is not accelerating immediately prior 

to impact. System accuracy was verified prior to testing by connecting sensor outputs to an 

oscilloscope and comparing time between signal edges to time recorded with the DAQ to ensure 

they were equivalent. 

Strain Data Acquisition 

The strain data acquisition system for the SHPB consists of two 120 Ω strain gauges, 

each with a 5 mm grid length and a 2.09 gauge factor, mounted on the center line of the incident 

and transmission bars, seen in Figure 27. 
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Figure 27: Omega 120 Ω strain gauge mounted on the incident bar. 

The strain gauges are wired to a Vishay 2100 series conditioner and amplifier, shown in 

Figure 28. The Vishay system has a normal range frequency response of DC to 15 kHz with -3 

dB at all gain settings and DC to 5 kHz with -0.5 dB at all gain settings [45]. The 2110B Vishay 

power unit provided a 2V excitation signal to each gauge.  

 

 
Figure 28: Vishay 2120A strain gauge conditioner 

 The conditioned signal was then read on a Siglent SDS1104X-U 100 MHz oscilloscope, 

Figure 29. A maximum sample rate of 1 GHz with record length of 14 million data points is 
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available for data collection. The system was calibrated prior to testing to give an output in 

percent strain. Therefore 1000 µε corresponds to a 1 V oscilloscope signal.  

 

Figure 29: Siglent SDS1104X-U oscilloscope. 

For testing, 7000 data points were collected at 10 MHz  with the first falling edge in the 

incident bar signal triggering a 700 µs collection window. The incident bar strain signal was 

connected to the first oscilloscope channel for all tests. The second channel was either 

transmission bar strain or accelerometer output, depending on test configuration. 

Accelerometer Data Acquisition 

The Endevco 7270A accelerometer was supplied with a 10 VDC excitation from a 

variable power supply. The positive and ground output was wired to the second channel of the 

Siglent oscilloscope. Due to the large system acceleration, no signal conditioning or 

amplification was deemed necessary. The accelerometer signal was DC coupled to collect the 
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entire signal range, with any DC offset corrected in later processing. Output voltage data was 

processed alongside strain as described below. 

System Verification Testing 

 System verification was performed in a SHPB configuration and involved two sets of five 

tests each, one set with only the incident bar and one set with both incident and transmission 

bars. Striker velocity was recorded for each test as previously described. The second velocity 

was used as a reference for each test, the first velocity served to verify relative consistency 

between tests with a constant velocity impact goal. 7000 samples were captured at 10 MHz on 

the oscilloscope. Two channels were running for all tests, with channel one for the incident strain 

gauge and channel two for the transmission strain gauge. Test results are discussed in the results 

chapter. 

Five tests were performed with an appreciable gap between the incident and transmission 

bars to verify pulse conditions reasonably agreed with one dimensional elastic wave theory. A 

second set of five tests were performed with the incident and transmission bars in contact prior to 

striker impact. These tests were used to describe wave transmission in the system. 

Parameter Modification Testing 

 This phase of testing involved varying test parameters to evaluate system response and 

accelerometer output. Key parameters investigated were incident pulse width, pulse amplitude, 

pulse shaping, and accelerometer damping. Tests were conducted with different length striker 

bars, described in the Split Hopkinson Pressure Bar components section above. As mentioned 

previously, in a one-dimensional elastic system, pulse width and shape are dictated by striker 
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geometry and material or by adding a different material between the striker and incident bar. 

Pulse amplitude corresponds to impact velocity and is therefore modified by launch system 

pressure. The effect of external damping on accelerometer output was investigated by the 

addition of an M6 isolation mount. Test details and results are discussed in the following chapter. 

Data Organization and Processing 

An EXCEL spreadsheet was used to record and organize test information. System 

verification tests were performed prior to the main body of work and test information was added 

as a second sheet to the main file. The spreadsheet contains test objective, controlled conditions, 

measured variables, test date, filename, and test notes. All tests have a .csv file and a .png image 

with the same filename. All files were renamed manually post acquisition in the following 

format: data collection date in YYYYMMDD_primary test condition_test sequence number.  

Every data file collected can be traced to the tracking spreadsheet by date, test number, 

and filename. All relevant testing conditions are documented and can be referenced for future 

system tests or analysis.  

Data Preprocessing 

All oscilloscope files have collection parameters in the first 12 rows followed by 

datapoints. The first column of datapoints have time in seconds with subsequent columns with 

voltages by collection channel. Raw CSV files were imported to a MATLAB script for analysis. 

The script used MATLAB’s Signal Analysis application to view voltage data and allow the user 

to edit signals as needed before further processing. A strain gauge data power spectrum of each 

data file and spectrogram of accelerometer signals revealed appropriate cutoff frequencies to 



39 
 
remove noise and high frequency accelerometer ringing after fly-away separation. The crop 

function was used to remove data points recorded before the incident wave pulse. A lowpass 

filter was applied to remove excess noise due to oversampling and background electrical 

interference. Post-filtering any DC offset was removed using MATLAB’s detrend function on 

the first 100 data points, which finds and removes the mean value from a dataset. This reduces 

error from subsequent calculations and was particularly useful for accelerometer signals with a 

zero offset. 

The trimmed voltage data was then converted to strain or acceleration, depending on file 

name. Based on the previously mentioned voltage to strain relationship, voltage signals 

corresponding to strain gauges were divided by 1000 and plotted in percent strain. Voltage data 

for an accelerometer was converted to g using supplied sensitivity values as follows, 

 𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑉𝑉𝑖𝑖𝑖𝑖

𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆𝐴𝐴𝑡𝑡𝐴𝐴𝑣𝑣𝐴𝐴𝑡𝑡𝑆𝑆 ∗ 10−6
 , Eq. 15 

where sensitivity is given in μV
g

 and 𝑉𝑉𝑖𝑖𝑖𝑖 is in volts. The Endevco 7270A used for this work has a 

calibrated sensitivity of 9.225 μV
g

. This sensitivity is exact only at the 5000 g calibration input 

but is assumed reasonable within the published linear range. The MATLAB script variables, 

including accelerometer sensitivity, striker length, bar wave velocity, and sample rate are test-

dependent and adjusted prior to each dataset analysis.  

Graphing and Analysis 

   The MATLAB script takes the preprocessed timetable data and prints out voltage vs 

time, and strain or acceleration vs time plots. Strain data is then converted to velocity and 

acceleration using the derivative relationship described by a free end condition elastic wave. The 
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derived data are then plotted alongside accelerometer output to compare peak accelerations. 

Examples of all produced plots can be found in the results section of this thesis. The complete 

MATLAB script is included in Appendix B. 
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RESULTS AND DISCUSSION 

This section describes several sets of test results, including system verification, modified 

input conditions, and external accelerometer damping. Verification tests with the incident and 

transmission bars are used to compare system response to the elastic wave theory described in 

the Governing Equations. Tests with the incident bar and accelerometer demonstrate wave 

changes from striker modification and pulse shaping. Accelerometer response and agreement 

with strain derived values are compared in an undamped and damped configuration. Both 

qualitative and quantitative observations are reported. Challenges are presented as they occurred 

to help future users avoid similar issues. 

Data Preprocessing 

 Prior to performing calculations with oscilloscope CSV files, several steps were taken to 

make data better suited to derivative calculations. Using the MATLAB Signal Processing 

Toolbox, voltage data was trimmed to remove anomalous spikes prior to the incident wave. The 

cause of these spikes has not been determined, as their presence was random and was therefore 

uncontrollable. Additionally, a lowpass filter was applied to remove noise caused by 

oversampling, and any zero offset was corrected. Neither trimming nor filtering caused changes 

to the signal shape or structure, as detailed in the following subsections. 

Data Trimming 

Voltage data were trimmed with the region of interest (ROI) signal editor in MATLAB’s 

signal processing toolbox. Anomalous data spikes exhibit several distinct characteristics: near 

instantaneous rise times inconsistent with general signal behavior, occurrence before the initial 
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compressive incident wave, identical or mirrored appearance in both test signals, and lack of 

reflection over time. 

Data channels were trimmed together to maintain relative timelines, and only anomalies 

occurring before the incident wave were removed. The effect of data trimming on signal 

differentiation is clearly observable in Figure 30. 

 

Figure 30: Percent Strain, Velocity, and Acceleration plots from an incident bar signal before 
trimming. The signal spike (circled) before the incident wave caused an obscured acceleration 

plot. 

 Without trimming, strain and velocity are clear but the only observable information in the 

acceleration plot comes from the artificial spike before the initial compressive wave. With 
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trimming, the rise time acceleration for each wave can be seen while the strain and velocity plots 

remain fundamentally unchanged, as demonstrated in Figure 31.  

 

Figure 31: Percent Strain, Velocity, and Acceleration plots from an incident bar signal after 
trimming. With the extraneous spike removed the derived acceleration has clear trends. 

Low Pass Filtering 

The strain wave in the incident bar contains primarily low frequency information, 

appropriate for accelerometer testing, as illustrated by a spectral analysis in MATLAB. Figure 32 

and Figure 33 are power spectrums from a single bar with accelerometer test and a single bar test 

respectively.  
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Figure 32: Power Spectrum plot from test with incident bar and accelerometer mounted on fly-
away puck. The accelerometer natural frequency, 350 kHz, is depicted with a dashed line. 

 

Figure 33: Power Spectrum plot from a single bar test. The incident and transmission bars were 
not in contact during the test, but the transmission bar strain gauge was still recorded on the 

oscilloscope. 
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 For testing Endevco 7270A-20K accelerometers, signal frequencies should not exceed 

the 350 kHz device natural frequency. Additionally, the 20k model has a frequency response 

bandwidth of 0 to 50 kHz [16]. Oversampling caused high frequency noise in all signals which 

obscured peaks in velocity and acceleration calculations. To clean data for derivative 

calculations, a lowpass filter was applied with a 50 kHz passband and stopband attenuation of 60 

dB to data sets with accelerometer signals. 

In the above power spectrums, the incident bar signal has relatively little frequency 

content above about 20 kHz. This is expected, as the strain conditioning system has a bandwidth 

of DC to 15 kHz [46]. For this reason, tests without accelerometer signals were filtered with a 

lowpass 15 kHz, rather than the 50 kHz used for accelerometer tests. The unconditioned 

accelerometer has the most frequency content below 100 kHz and between 400 and 500 kHz. A 

more detailed spectral analysis of the accelerometer output reveals two primary frequency bands 

with less than -20 dB attenuation corresponding to specific test features, pictured in Figure 34. 

The higher frequency content occurs after the fly-away separates from the incident bar and is 

therefore not further analyzed at this research stage.   
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Figure 34: Unfiltered spectrogram and Voltage-Time plot of an accelerometer test signal. The 
spectrogram has a frequency resolution of 77.2795 kHz and a time resolution of 19 μs. 

An example of oversampling is shown in Figure 35. Low pass filtering leads to cleaner 

peaks in the derived acceleration plot as seen in Figure 36. 
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Figure 35: Unfiltered incident bar signal. The derived acceleration plot is unclear due to noise 
from oversampling. 

 

Figure 36: Incident bar signal after a 15 kHz lowpass filter is applied. Clear trends are now 
visible in the derivative acceleration plot. 
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Offset Correction 

 Some collected data had a DC offset in the strain or accelerometer signal. Offsets were 

removed post filtering with MATLAB’s detrend function. This function calculated the mean 

value from the first 100 points of each dataset and stored it as a Trend object. The mean was then 

subtracted from every data point to correct the offset. Figure 37 and Figure 38 show voltage data 

from an accelerometer test before and after offset removal. The incident and accelerometer 

signals can be better compared with offset corrected. 

 

Figure 37: Incident bar and Accelerometer voltage signals with DC offsets. Left side Y axis is 
incident bar voltage and right side Y axis is accelerometer voltage. The incident signal is offset 

by -0.007 volts and the accelerometer is offset by 0.059 volts. 
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Figure 38: Incident bar and accelerometer voltage signals with DC offsets removed. Both signals 
now center around 0 volts. 

System Verification  

As described in the methods section, a SHPB configuration was used for initial system 

verification. These tests served to confirm the system followed elastic wave theory and produced 

results similar to those reported from other SHPBs [14], [42], [47], [48]. The first phase 

consisted of impacting the incident bar with striker B at approximately 9 m
s

. Launch system 

pressure was between 11 and 12 psi over ten tests. The first set of five tests had an appreciable 

gap between the incident and transmission bars prior to impact, ensuring no energy transfer. A 

second set of five tests was conducted under the same input conditions with the incident and 

transmission bars initially in contact. Figure 39 depicts a separated bar test with an approximate 
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striker impact velocity of 8.86 m

s
. Figure 40 depicts a coincident bar test with an impact velocity 

of 8.93 m
s

. 

 

Figure 39: Percent strain vs time plot for a separated bar verification test. 

 

Figure 40: Percent strain vs time plot for coincident bar verification test. 
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 In an ideal, frictionless, SHPB test both incident and transmission signals would return to 

zero between waves. For an aligned coincident bar test complete wave transmission is expected. 

The incomplete transmission, as seen in Figure 40 through incident signal reflections, 

demonstrates system inaccuracies due to misalignment, friction, or imperfect surface geometry. 

For this research stage, stochastic errors present in the system are acknowledged but unresolved. 

Wave theory confirmation 

Two approaches were used to determine wave velocity in the incident and transmission 

bars. The first was an expected value calculated from material properties, while the second was 

estimated from strain measurements. Following Eq. 4 with geometric density, ρ = 8045 kg
m3, and 

approximate modulus E = 200 GPa, the expected wave velocity was 4984 m
s

. This approximation 

was used in system design but replaced by the measured wave velocity for data analysis. 

Measured wave velocity, co, from strain gauge data uses the distance between strain 

gauges and the time between pulses. Time between pulses is taken as the time between the 

leading edge of a compressive pulse and a tensile pulse. Both incident bar and transmission bar 

strain gauges are 0.381 m from the bar end. Using the data as graphed in Figure 41, the time 

between leading edges is 168.5 μs for the incident bar. Thus, the wave velocity is 4522 m
s

. 

Returning to Eq. 4 (Elastic Wave Theory), approximate elastic modulus E = 163.7 GPa. 
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Figure 41: Strain vs Time plot from a single bar test. Time between leading edges of incident and 
reflected waves gives incident bar wave velocity.  

To confirm the pulse duration in one-dimensional wave theory applies, the incident pulse 

width should follow 163.Eq. 4. The average pulse width for ten tests with striker B was 0.377 m, 

while the expected pulse width for striker B was 0.312 m. The expected pulse duration from Eq. 

12 was 69.15 μs, for striker B. This assumes a perfectly square wave, rather than the trapezoidal 

wave encountered in experimental testing. The average pulse duration over ten tests with striker 

B was 83.52 μs. The discrepancy is due in part to the measurement method for determining 

tested pulse width. Pulse width was approximated using the cursor tracking function on the 

oscilloscope and a distinct pulse start and end was not always clear, leading to a pulse width 

range of 81.2 µs to 85.6 µs.  

Wave Transmission to Accelerometer The accelerometer mounting pucks were machined 

with a step change in diameter to allow full surface contact on the accelerometer side and 
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continuous diameter relative to the incident bar on the impact side, Figure 42. Several tests were 

conducted with the accelerometer mount between the incident and transmission bar. The 

resultant wave is shown in Figure 43. 

  

Figure 42: Accelerometer mounting puck in a wave transmission test connected to the incident 
bar by a vinyl tube before impact (left), and after impact (right). 

 

Figure 43: Incident and transmission bar voltages from a test with the accelerometer puck 
between bars, as depicted in the preceding figure. The reflected wave, circled, has two distinct 

peaks. 
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 Several tests were conducted with striker G between the incident and transmission bars to 

better understand the influence of a step diameter change in wave reflection and transmission. 

Figure 44 shows the mounting configuration for striker G between the incident bar and 

transmission bar. For continuity the same vinyl tube was used to hold either the striker or the 

accelerometer mounting puck. The incident and transmitted waves are shown in Figure 45 with 

the reflected wave highlighted. 

  

Figure 44: Striker G mounted between the incident and transmission bars before impact (left), 
and after (right). 

 

Figure 45: Incident and transmission bar voltages from a test with striker G between bars, as 
depicted in Figure 44. The reflected wave, circled, has two peaks with similar magnitude but less 

separation than the accelerometer mount test. 
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Although separation between the two peaks is more distinct for the accelerometer fly-

away, both tests show two reflected peaks in the incident signal. It should be noted that the 

accelerometer fly-away and striker G differ in both material and dimension. The comparison is 

meant to characterize the reflection and transmission waves for a step interface vs a uniform rod. 

The double peak in reflected signal in the striker test was unexpected. However, both 

transmission signals show similar shape and magnitude. The similarity suggests that the step 

geometry does not have a significant effect on the wave conditions at the accelerometer 

mounting interface. 

Input Modification Testing 

 System characterization involved modifying input conditions including launch pressure, 

striker length, and pulse shaping. The resulting striker velocity, incident pulse characteristics, 

and accelerometer output all aided in quantifying applicable use range for the tabletop SHPB. 

Launch Pressure Variation 

 Launch system pressure, as read from the pressure gauge, was recorded for every test. A 

linear relationship exists between pressure and striker velocity, as demonstrated in the following 

Figure 46. Pressure was measured in psi but is reported in kPa for dimensional consistency. 
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Figure 46: Plot showing input pressure vs striker velocity for striker B. An applied linear 
regression shows an R2 of 0.886.  

 The analog pressure gauge used to read launch system pressure is accurate to within 0.05 

psi. However, due to a small but unresolved leak in the pressure system, input pressure is 

approximated within 0.689 kPa (0.1 psi). This can at least partially explain the data spread in 

Figure 46. 

 Striker impact velocity and incident wave pulse height also exhibit a linear relationship, 

as shown in Figure 47. This indicates that for a chosen striker bar, a known launch pressure leads 

to a predictable striker impact velocity and incident wave pulse height.  
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Figure 47: Striker velocity vs incident wave pulse height for striker B. An applied linear 
regression shows an R2 of 0.945. 

Striker Variation 

 In a SHPB system, wave shape, duration, and magnitude are all dependent on the impact 

between striker and incident bar. Two striker geometries have been explored in this research, 

steel bars and steel ball bearings, Figure 48.  
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Figure 48: From left to right: steel ball bearing, short cylindrical striker, and long cylindrical 
striker.  

The first, cylindrical steel bars, were used for most tests. With a similar geometry and 

impedance to the incident bar, the steel cylinders showed consistently square incident pulse 

shape. The second, steel ball bearings, were used to test pulse shape dependence on impact 

surface area.  

 

Figure 49: Incident bar and accelerometer voltage plot from a test with striker B. 
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 Five tests were performed with a 9.53 mm diameter steel ball bearing. The stress wave 

produced by the ball impact was sinusoidal, Figure 50, as opposed to the relatively square wave 

seen with a cylindrical striker, Figure 49. Ball bearing striker tests were not further investigated 

because the impact velocities were too inconsistent with identical launch pressures. Repeated 

ball bearing impacts also led to visible damage on the incident bar impact surface. 

 

Figure 50: Incident bar and accelerometer voltage from a ball bearing test.  

Pulse Shaping 

 Independent from striker selection, stress waves can be modified by adding a material 

with a different impedance to the incident bar impact surface. In this research, copper, aluminum, 

and Sculpy clay disks were investigated as pulse shapers. Four metal disks, 9.53 mm in diameter, 

were cut from larger sheets using a manual sheet metal punch Figure 51.  
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Figure 51: Copper, aluminum, and clay disks investigated as pulse shapers. 

The incident waves in four pulse shaped tests, 0.81 mm thickness copper, 0.81 mm thick 

aluminum, 1.6 mm thick copper, and 1.6 mm aluminum are depicted in Figure 52. There is a 

slight noticeable change in the pulse shape with the 1.6 mm aluminum disk. However, when 

comparing the average incident slope over three tests with each pulse shaper there was as much 

variation in each set as present between set types. Therefore, the pulse shapers tested here were 

not judged to have a significant difference on pulse shape when compared to tests without pulse 

shaping. 
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(a)  

 
(b) 

 
(c) 

 
(d) 

Figure 52: Incident waves from four pulse shaper tests. (a) 0.81 mm copper, (b) 0.81 mm 
aluminum, (c) 1.6 mm copper, and (d) 1.6 mm aluminum. 

For each test, a disk was fixed to the impact end of the incident bar with a small amount 

of vacuum grease, Figure 53. Three additional tests were performed with pieces of oven-dry clay 

as pulse shapers. The approximate incident wave pulse heights for all pulse shaper tests are 

plotted in Figure 54 along with tests with no pulse shaping. 
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Figure 53: A 1.6 mm thick aluminum disk mounted on the incident bar impact surface with 
vacuum grease. 

 

Figure 54: Striker vs pulse height, identified by pulse shaper. No significant difference appears 
between tests without pulse shapers and those with copper or aluminum disks.  

 For the metal pulse shapers described above, there was not a significant difference in 

incident pulse height or rise time when considering data spread in tests without pulse shapers. 

However, small pieces of oven-dry clay connected to the incident bar showed a dramatic 
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reduction in pulse height and rise time. Further investigation into clay as a pulse shaping material 

is warranted but was not pursued in this research. 

Accelerometer Analysis 

Data was collected with an Endevco 7270A-20k accelerometer, with limited success. As 

previously described, for each test the accelerometer was mounted on a steel fly-away according 

to manufacturer recommendations. In addition to testing the accelerometer directly on the steel 

fly-away, a range of tests were also conducted with the accelerometer mounted in the mechanical 

isolation M6 mount. The isolated accelerometer was then stud mounted to the other steel fly-

away, as discussed in Methods above.  

As previously shown, a portion of the incident pulse is reflected from the fly-away back 

into the incident bar while the remaining energy is transmitted through. When compared to a 

conventional SHPB specimen test, such as the one presented in the background of this paper, the 

fly-away and accelerometer take the place of the specimen and transmission bar. As shown in 

Figure 55, a conventional compression test uses the reflected and transmitted pulses to compute 

the stress and strain within a specimen.  
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Figure 55: “Processing of experimental data. a Selected signal sections of measured 
data. b Filtered signals to reduce distortions. c Computed force signals of the 

experiment. d Stress-strain-diagram for the analyzed specimen including the calibrated material 
model.” Image and caption from [35]. (CC by 4.0) 

Energy is conserved within a system, therefore the strain energy not represented by the 

reflected or transmitted wave is absorbed by the compressed specimen. In an HPB accelerometer 

test, the strain energy not reflected from the fly-away is transferred through the fly-away to the 

accelerometer. Therefore, the accelerometer response correlates to the difference between 

incident and reflected pulses. Due to the fly-away geometry, the reflected pulse has two peaks, as 

previously discussed. Therefore, the reported peak reflected acceleration is average value from 

both reflected peak leading edges. Figure 56 depicts a magnitude comparison between incident 

bar and transmission bar strain-derived acceleration for a test with an accelerometer fly-away 
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between bars, as seen previously in Figure 42. The difference between leading edge incident and 

average reflected accelerations was 44616 g, and the peak transmitted acceleration was 54303 g.  

 

Figure 56: Strain-derived acceleration comparison for a test with an accelerometer fly-away 
between the incident bar and transmission bar.  

In the following analysis, the peak accelerometer acceleration is compared to the 

difference in peak acceleration between the incident wave and the reflected wave. Figure 57 

shows an acceleration magnitude comparison for an undamped accelerometer test. The test used 

striker B with an impact velocity of 5.87 m
s

. The Endevco 7270 accelerometer was screw 

mounted to the steel fly-away and no pulse shapers were used. The difference between leading 

edge incident and average reflected accelerations was 30898 g, and the peak acceleration 

response was 45206 g. The 32 percent difference in approximate transmission and acceleration 

response is acceptable when considering over-range accelerometer excitation. 
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Figure 57: Magnitude comparison between strain-derived acceleration and accelerometer output 
for an undamped accelerometer test. 

Figure 58 demonstrates a magnitude comparison between strain-derived acceleration and 

mechanically isolated accelerometer output. The depicted test used striker B with an impact 

velocity of 5.88 m
s

. The accelerometer was mounted in the M6 mechanical isolation mount from 

Endevco. The peak value from the incident wave rising edge was 59778 g, the average peak from 

the reflected wave was 28328 g, and the peak accelerometer signal was 36381 g. The difference 

between incident and reflected peaks, 31450 g, is approximately the transmitted acceleration. 

There is a 14 percent difference between approximate transmission and accelerometer output. 
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The plot shows a reduction in post-impact ringing when compared to undamped accelerometer 

tests, which indicates a potential increase in sensor survivability. 

 

Figure 58: Magnitude comparison between strain-derived acceleration and accelerometer output.  

Although accelerometer signals were recorded over a range of input conditions, the 

impulse frequency spectrum was above the sensor’s 0 to 50 kHz linear range for most tests [16]. 

In a mechanically isolated test, the accelerometer signal still contains content above the sensor 

350 kHz resonant frequency, although the high frequencies show greater attenuation than in an 

undamped test, Figure 59. 
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Figure 59: Spectrogram from a mechanically isolated accelerometer test (top) and a spectrogram 
from an undamped accelerometer test (bottom). 

Troubleshooting 

Sensor Failures 

 The Endevco 7270 model accelerometer was chosen prior to complete SHPB 

characterization. In the early stages of testing accelerometers with the HPB, accelerometer 

voltage signals were erratic. Through multimeter testing it was determined that the wires were 
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breaking inside the insulation near the accelerometer body despite attempted strain relief. A 

high-speed camera, Figure 60, was used to observe sensor behavior during impact events.  

 

Figure 60: High-speed camera used for troubleshooting accelerometer failures and fly-away 
alignment post impact. 

From video taken at 6400 fps it was clear that the fly-away’s sudden momentum post 

impact caused the accelerometer wire to be bent at a severe angle. A large strain relief loop in the 

wire, shown in Figure 61a, reduced the wire angle slightly, but did not add enough stiffness to 

prevent bending. After several iterations, a small radius strain relief loop, shown in Figure 61b, 

was stiff enough to resist bending during fly-away acceleration.  

 
(a) 

 

 
(b) 

 
Figure 61: Accelerometer mounted with (a) original strain relief loop and (b) final strain relief 

loop.  
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 The following images are screenshots from three high-speed camera videos. Each two-

image sequence depicts the accelerometer pre and post impact to show the wire movement in 

different configurations.  

 
(a) No strain relief – pre impact 

 
(b) No strain relief – post impact 

 
(c) Large loop – pre impact 

 
(d) Large loop – post impact 

 
(e) Small loop – pre impact 

 

 
(f) Small loop – post impact 

Figure 62: Screenshots from high-speed video of mounted accelerometer with three wire 
conditions pictured pre and post impact. 

System Limitations and Characterization 

 Several limitations exist within the HPB system which reduce applicable results. One 

such limitation was the frequency range of the strain gauge conditioning system. It has been well 
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documented that there are high-frequency waves produced during HPB tests [49], [50]. 

However, the Vishay modules available for this work have a bandwidth of DC to 15 kHz [45], so 

any higher frequency vibrations could not be characterized by the strain gauges. Another 

limitation and source of error is the strain gauge bonding. The layer of cyanoacrylate glue was 

not measured and could be uneven across the gauge length. Any added thickness decreases strain 

gauge sensitivity and introduces error when characterizing waves. A strain gauge alignment 

study was not conducted, and this work cannot speak for gauge misalignment effects on wave 

shape variation. Although neither the conditioner nor the gauge bonding negates the systems use 

for testing high shock accelerometers, it reduces the ability to compare input frequencies to 

accelerometer response.  

 As previously described, the HPB system is reasonably linear and repeatable when taking 

pressure and velocity measurement discrepancies into account. Friction, between system 

components, likely contributed to data spread and was reduced as much as feasible with 

currently available resources. Wave shape variation between tests can be attributed to imperfect 

bar alignment, impact surface finish, and inconsistent environmental conditions. Room 

temperature was not measured, and tests were conducted on different days. Furthermore, bar 

alignment was done by hand, and impact surfaces were not refinished regularly, leading to 

potential inconsistencies in impact effective area. The elastic wave equations used to derive 

acceleration from strain data assume uniform cross-sectional area, so significant inconsistency in 

impact surface area introduces mathematical complexity not accounted for in the presented 

results. 
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 The testing limits for the HPB system are dependent on pressure and material properties. 

The pressure system is currently limited to 125 psi by the supply air hose and a maximum 150 

psi safety valve on the pressure vessel. The maximum impact velocity between the current steel 

strikers and incident bar is approximately 100 m
s

 based on yield stress. Pressure and velocity 

limits were not reached in this work but suggest the current system has potential for higher range 

testing. 
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CONCLUSION 

This work aimed to develop a reliable experimental system to evaluate accelerometer 

response to transient accelerations which may be encountered in explosive testing. A Hopkinson 

Bar system was chosen to test high shock accelerometers mounted on a fly-away structure. The 

modified HPB was characterized using several steel strikers with impact velocities from 2.5 to 

8.9 m
s

. The stress waves, analyzed with a MATLAB script, showed good agreement with one-

dimensional elastic wave theory. The system produced peak accelerations from approximately 

10,000 g to 100,000 g, as derived from strain gauge data, with durations between 20 µs and 200 

µs. This range is appropriate for pyroshock testing criteria as defined by NASA and the 

Department of Defense [2], [4]. 

Single-axis Endevco 7270A-20k accelerometers were evaluated using the modified HPB. 

Based on the analysis performed in this work, there is good agreement between peak transmitted 

acceleration and peak accelerometer output for both undamped and mechanically isolated 

accelerometer mounting configurations. However, all results can only be approximated due to 

over range excitation. Although the HPB is suitable for assessing accelerometer response to 

high-energy shock, the Endevco 7270A-20k model does not have an appropriate range for the 

current system design.  

The outcome of this work is a fully functioning Hopkinson Pressure Bar system for 

evaluating high-shock accelerometer performance. The system is adjustable and has been 

characterized with a range of input modifications. Available for future graduate work, the setup 

developed for this research increases sensor and material testing capabilities under extreme 

environmental conditions.  
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Future Work 

 Future work recommendations based on this thesis fall into three main categories: 

physical system refinement, data acquisition sensitivity, and alternate accelerometer 

investigation. While many of the following suggestions were considered as desirable system 

upgrades, it was deemed more important to utilize and understand equipment already available in 

the research lab. 

System Refinement 

 Accurate data analysis was difficult due to stochastic errors within the physical SHPB 

system. To improve striker impact consistence alternate methods to reduce friction between 

striker and launch tube should be investigated. Bar alignment can also be refined to improve test 

consistency by replacing the current lathe supports with finely adjustable mounts. A laser bore 

scope, coupled with pinhole targets, could be implemented for more accurate alignment. The 

entire system should be mounted on a level, vibration isolated, and electrically grounded surface. 

Improved stability may reduce unwanted noise and the need for frequent realignment.  

Launch System Improvements Currently, the SHPB is reloaded between tests by pushing 

the striker down the launch tube with a cut electrical cord. Although effective, overtime the 

electrical cord can create scratches or introduce debris into the launch tube, leading to a decrease 

in system repeatability. A more efficient option would be to connect a vacuum pump to the 

pressure system. A vacuum reloading mechanism, as applied in published literature, is a quick 

and effective method to reset a SHPB between tests [14], [26], [27], [42], [48].  

 The current method of switching striker bars can also be improved. Currently the incident 

bar and first bushing must be removed to accommodate loading strikers longer than 0.13 m. 
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Increasing the space between the launch tube outlet and the first incident bar support would 

alleviate the need for extensive bar realignment when switching strikers. 

Pulse Shaping Pulse shaping, through striker or impact surface modification, should be 

further explored. At this stage, two striker geometries were tested along with a few pulse-shaper 

disks. Incorporating a wider range of materials and geometries would lead to a wider range of 

available input conditions without altering the incident and transmission bars. 

Data Acquisition Sensitivity 

 To better capture the full frequency spectrum with strain gauges, a conditioner with 

higher bandwidth should be used. This would allow more complete comparisons between strain 

gauge and accelerometer signals. A higher frequency range collection would also clarify more 

wave structures, such as high-frequency Pochammer-Chree effects. Additionally, smaller strain 

gauges can be adhered to the incident and transmission bars. Elastic wave theory applies to a 

differential element, whereas waves recorded from a strain gauge are affected by the gauge 

geometry. A shorter gauge length better approximates a differential element and may therefore 

increase confidence in system adherence to theory.  

Further Accelerometer Investigation 

 This thesis only sought to characterize Endevco 7270-20k accelerometers. As presented 

above, acceleration magnitudes produced by the current HPB system exceed the 0 to 20,000 g 

linear range for the 7270-20k accelerometer. Further work should characterize other high-g 

accelerometers, both undamped and internally damped options. Accelerometers should also be 

tested at lower shock levels to better understand full range response. Air bearing shakers, drop 

towers, and other off-the-shelf test devices can provide reliable excitation at lower magnitudes 
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than HPBs. A lower excitation can also serve to verify that an accelerometer is within calibration 

after large magnitude tests. Verification will increase confidence in all future test results.  
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/* 
 * Velocity laser gate V8 
 *  
 * Updated 03 Aug 2021 
 * by Charlotte Berg 
 *  
 *  
 * This sketch:  
 * reads voltage from three thru beam lasers  
 * starts a timer when the first beam is broken 
 * stops the first timer when the second beam is broken 
 * starts a second timer when the second beam is broken 
 * stops the second timer when the third beam is broken 
 * calculates the two velocities based on the time and distance between beams 
 * prints out the two velocities to the OLED screen 
 *  
 * A waveshare OLED 1.5 screen is used  
 * The OLED circuit: 
 * GND to ground on Arduino 
 * VCC to 5V 
 * CLK  to digital 13 
 * D/C  to digital 7 
 * RST  to digital 8 
 * CS   to digital 10 
 * DIN  to digital 11 
 */ 
 
// include the library code: 
 
#include <Wire.h> 
#include <SPI.h> 
#include <U8g2lib.h> 
#include <U8x8lib.h> 
 
U8X8_SSD1327_WS_128X128_4W_SW_SPI u8x8(/* clock=*/ 13, /* data=*/ 11, /* 
cs=*/ 10, /* dc=*/ 7, /* reset=*/ 8); 
 
#define U8LOG_WIDTH 16 
#define U8LOG_HEIGHT 8 
uint8_t u8log_buffer[U8LOG_WIDTH*U8LOG_HEIGHT]; 
U8X8LOG u8x8log; 
 
 
int light_sense_1 = 0; 
int light_sense_2 = 0; 
int light_sense_3 = 0; 
   
unsigned long start_time1; 
unsigned long start_time2; 
unsigned long stop_time1; 
unsigned long stop_time2; 
unsigned long total_time1; 
unsigned long total_time2; 
unsigned long sec1; 
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unsigned long sec2; 
 
float Velocity1; 
float Velocity2; 
String V1; 
 
float distance1 = 25.4000;     // Distance between 1st and 2nd sensor (mm) 
float distance2 = 25.4000;     // Distance between 2nd and 3rd sensor (mm) 
 
 
void setup() 
{ 
  u8x8.begin(); 
  u8x8.setFont(u8x8_font_7x14B_1x2_f); 
   
  u8x8log.begin(u8x8, U8LOG_WIDTH, U8LOG_HEIGHT, u8log_buffer); 
  u8x8log.setRedrawMode(1);    // 0: Update screen with newline, 1: Update 
screen for every char   
 
  u8x8.setCursor(0,5); 
  u8x8.println("Waiting"); 
  u8x8.println(" "); 
  u8x8.println("Alignment"); 
  
   
  pinMode(A1, INPUT);           // 1st laser input 
  pinMode(A2, INPUT);           // 2nd laser input 
  pinMode(A3, INPUT);           // 3rd laser input 
 
} 
 
void loop() { 
  // main code, to run repeatedly: 
  Serial.begin(9600); 
 
   
 delay(100); 
 light_sense_1 = digitalRead(A1); 
 light_sense_2 = digitalRead(A2); 
 light_sense_3 = digitalRead(A3); 
 delay(100); 
 
 while (light_sense_1==0||light_sense_2==0||light_sense_3==0) { 
    light_sense_1 = digitalRead(A1); 
    light_sense_2 = digitalRead(A2); 
    light_sense_3 = digitalRead(A3); // read all 3 sensors indefinitely until 
laser is detected all. no light is 4.6V, light detected is 0V 
 } 
  delay(3000); 
  u8x8.clear(); 
  u8x8.draw2x2String(3,20,"Ready"); 
  
 while (light_sense_1==1) { 
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    light_sense_1 = digitalRead(A1); // LDR1 indefinitely until laser break 
is detected on pin A1 
     
 } 
  
 start_time1=micros(); 
  
 while (light_sense_2==1) { 
    light_sense_2 = digitalRead(A2); // LDR2 indefinitely until laser break 
is detected on pin A2   
 } 
 
 //stop_time1=micros(); 
 start_time2=micros(); 
  
 while (light_sense_3==1) { 
    light_sense_3 = digitalRead(A3); // wait for laser break on third sensor 
 } 
 
 stop_time2=micros(); 
 stop_time1=start_time2; 
 total_time2=stop_time2-start_time2; 
 total_time1=stop_time1-start_time1; 
 sec1 = total_time1; 
 sec2 = total_time2; 
  
 Velocity1 = ((distance1)/sec1)*1000;  // Calculate velocity from 1st 
distance (m) and time1 (s) 
 Velocity2 = ((distance2)/sec2)*1000; 
 
 u8x8.clear(); 
 u8x8.setCursor(0,0); 
 u8x8.println("Velocity1 ="); 
 u8x8.println(Velocity1); 
 u8x8.println("m/s"); 
 u8x8.println(" "); 
 //u8x8.setCursor(0,10); 
 u8x8.println("Velocity2 ="); 
 u8x8.println(Velocity2); 
 u8x8.println("m/s"); 
 
 
 // Print time (microseconds) and velocity information to serial plotter 
 Serial.println("--------------"); 
 Serial.print("start time1 "); 
 Serial.println(start_time1); 
 Serial.print("stop time1 "); 
 Serial.println(stop_time1); 
 Serial.print("start time2 "); 
 Serial.println(start_time2); 
 Serial.print("stop time2 "); 
 Serial.println(stop_time2); 
 
 Serial.print("Time between 1st and 2nd laser break (us): "); 
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 Serial.println(sec1); 
 Serial.print("Velocity 1 = "); 
 Serial.print(Velocity1); 
 Serial.println(" m/s"); 
 Serial.print("Time between 2nd and 3rd laser break (us): "); 
 Serial.println(sec2); 
 Serial.print("Velocity 2 = "); 
 Serial.print(Velocity2); 
 Serial.println(" m/s"); 
 Serial.println("--------------"); 
  
  
 while (1!=2) { //loop forever with time displayed on screen 
     
     
 } 
 
} 
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Split Hopkinson Pressure Bar Data Analysis Script 

Charlotte Berg 04/2022 

%{ 
    The purpose of this script is to take raw voltage data collected from 
    the DAQ, and allow the user to graphically trim or edit the data in  
    the Signal Analyzer, then plot and save the modified data. 
Note: The script requires MATLAB's Signal Processing Toolbox to run. 
%} 
 
clear; 
clc 

Initialize variables 

AdjustFlag = 1; 
 
% Accelerometer sensitivity (g/V) 
Accel_Sensitivity = 1/(9.225*10^-6); 
 
% Acceleration unit conversion m/s^2 -> g 
m2g = 1/9.81; 
 
% Accelerometer resonant frequency (Hz) 
Accel_rf=350000; 
 
 
% Pulse Length where Lst is test striker length in meters 
Lst = 0.15598; 
PL=2*Lst; 
 
% Wave velocity of incident bar (m/s) 
Co = 4522.26; 
 
% Data collection sample rate 
SampleRate = 10000000; 
fs = 1/SampleRate; 
 
CH1Color = '#0072BD'; 
CH2Color = '#D95319'; 
 
f1=figure; 
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f2=figure; 
f3=figure; 
f4=figure; 
f5=figure; 
f6=figure; 
f7=figure; 

Select File for Analysis 

[ReadFile, ReadFilePath] = uigetfile('C:\Users\charlotteberg\OneDrive - Montana 
State University - Billings Bozeman Great Falls Northern\Shock 
Accelerometor\SHPB testing\Test Data\ *.csv','Select .CSV File for Processing'); 
 
ReadPath   = strcat(ReadFilePath,ReadFile); 
ReadMatrix = readmatrix(ReadPath); 

Create Arrays from raw file data 

CH1_Vraw = ReadMatrix(13:end,2); 
CH2_Vraw = ReadMatrix(13:end,3); 
timeraw  = ReadMatrix(13:end,1); 
 
% Create a timetable from CSV file data 
xTable   = timetable(seconds(timeraw),CH1_Vraw,CH2_Vraw); 
 
% Plot the power spectrum from 0 to 400kHz 
 
figure(f1); 
[pxx,f] = pspectrum(xTable,'FrequencyLimits',[0,500000]); 
plot(f,pow2db(pxx)) 
xlabel('Frequency (Hz)') 
ylabel('Power (dB)') 
% Add a line at accelerometer resonant frequency for acceleration data 
% files 
if contains(ReadFile,'accel') 
    xline(Accel_rf,'--r') 
    legend('Incident','Accelerometer','Accelerometer Resonant Frequency') 
 
    figure(); 
    % Parameters 
    timeLimits = seconds([0 0.0003038]); % seconds 
    frequencyLimits = [0 600000]; % Hz 
    leakage = 0.85; 
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    overlapPercent = 90; 
     
    %% 
    % Index into signal time region of interest 
    xTable_CH2_Vraw_ROI = xTable(:,'CH2_Vraw'); 
    xTable_CH2_Vraw_ROI = 
xTable_CH2_Vraw_ROI(timerange(timeLimits(1),timeLimits(2),'closed'),1); 
     
     
    % Compute spectral estimate 
    % Run the function call below without output arguments to plot the results 
    subplot(2,1,1) 
    pspectrum(xTable_CH2_Vraw_ROI, ... 
        'spectrogram', ... 
        'FrequencyLimits',frequencyLimits, ... 
        'Leakage',leakage, ... 
        'OverlapPercent',overlapPercent,'MinThreshold',-40) 
    subplot(2,1,2) 
    plot(xTable_CH2_Vraw_ROI.Time,xTable_CH2_Vraw_ROI.CH2_Vraw) 
    xlim(timeLimits) 
    xlabel('Time (s)') 
    ylabel('Voltage (V)') 
 
else 
    legend('Incident','Transmission') 
end 

Trim and Filter raw data 

signalAnalyzer(xTable) 
 
% Wait to continue the script until app is finished and user clicks on 
% script window 
 
figure(f2); 
c=uicontrol('Position',[150,150,400,200],'Style','checkbox','FontSize',24,'Stri
ng','Done Editing Signal'); 
waitfor(c,'Value') 
 
% Create a new timetable and voltage variables based on trimmed data 
CH1_Vtrim = xTable.CH1_Vraw; 
CH2_Vtrim = xTable.CH2_Vraw; 
time      = xTable.Time; 
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%figure(f1); 
% Modify data length to ensure Fast Fourier Transform is possible 
if rem(length(CH1_Vtrim),2)~=0 
    CH1_VF = CH1_Vtrim(1:end-1); 
    CH2_VF = CH2_Vtrim(1:end-1); 
    N      = length(CH1_Vtrim)-1; 
    timeF  = time(1:end-1)*1000; 
    %plot(timeF,CH1_VF) 
else 
    CH1_VF = CH1_Vtrim; 
    CH2_VF = CH2_Vtrim; 
    N      = length(CH1_Vtrim); 
    timeF  = time*1000; 
    %plot(timeF,CH1_VF) 
end 
 
% Adjust signal mean to zero 
CH1data = iddata(CH1_VF,[],fs); 
CH2data = iddata(CH2_VF,[],fs); 
T1 = getTrend(CH1data(1:100),0); 
T2 = getTrend(CH2data(1:100),0); 
CH1data_d = detrend(CH1data,T1); 
CH2data_d = detrend(CH2data,T2); 
CH1_VF = CH1data_d.y; 
CH2_VF = CH2data_d.y; 
 
% % Plot the FFT for both channels - uncomment to use 
% Y1=fft(CH1_VF); 
% P21=abs(Y1/N); 
% P11=P21(1:N/2+1); 
% P11(2:end-1)=2*P11(2:end-1); 
% f=SampleRate*(0:(N/2))/N; 
%  
% Y2=fft(CH2_VF); 
% P22=abs(Y2/N); 
% P12=P22(1:N/2+1); 
% P12(2:end-1)=2*P12(2:end-1); 
% figure(); 
% hold on 
% plot(f,P11) 
% plot(f,P12) 
% xlabel('f Hz') 
% ylabel('P1(f)') 
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% xlim([0 600000]) 
 
% Convert voltage values to microStrain or Acceleration depending on filename 
if contains(ReadFile,'accel') 
    CH1_New   = CH1_VF*0.001; 
    CH2_New   = CH2_VF*Accel_Sensitivity; 
    CH1_label = 'Incident'; 
    CH2_label = 'Acclerometer'; 
else 
    CH1_New   = CH1_VF*0.001; 
    CH2_New   = CH2_VF*0.001; 
    CH1_label = 'Incident'; 
    CH2_label = 'Transmission'; 
end 
 

Plot voltage and strain 

Create Time Matrix for Plotting 

dt = 1/SampleRate; 
t0 = 0; 
t  = (t0 + (0:N-1)*dt).*1000;  

Plot Trimmed Voltage Data 

This section plots voltage data after preprocessing. A dual y-axis plot is created for files with 
accelerometer data due to different voltage amplitudes. 

figure(f3); 
if contains(ReadFile,'accel') 
    set(gcf,'Position',[300,300,800,400]) 
    hold on 
    yyaxis left  
    ax.Color = CH1Color; 
    plot(t,CH1_VF,Color=CH1Color) 
    ylabel('Voltage (V)') 
    limits = max( abs(gca().YLim) );  % take the larger of the two "nice" 
endpoints 
    ylim( [-limits, limits] );        % use this nice value for both endpoints 
 
    yyaxis right 
    ax.Color = CH2Color; 
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    plot(t,CH2_VF,Color=CH2Color) 
    title(ReadFile,'Interpreter','none') 
    xlabel('Time (ms)') 
    ylabel('Voltage (V)','Color',CH2Color) 
    limits = max( abs(gca().YLim) );  % take the larger of the two "nice" 
endpoints 
    ylim( [-limits, limits] );        % use this nice value for both endpoints 
    legend({CH1_label, CH2_label},'FontSize',8,'Location','northwest'); 
    xlim([0, max(t)]) 
    grid on 
    grid minor 
    hold off 
else 
    set(gcf,'Position',[300,300,800,400]) 
    hold on 
    plot(t,CH1_VF,Color=CH1Color) 
    plot(t,CH2_VF,Color=CH2Color) 
    title(ReadFile,'Interpreter','none') 
    xlabel('Time (ms)') 
    ylabel('Voltage (V)') 
    legend({CH1_label, CH2_label},'FontSize',8,'Location','northwest'); 
    xlim([0, max(t)]) 
    grid on 
    grid minor 
    hold off 
end 
 
 

Plot strain and/or acceleration 

This section plots strain data from the first data channel and either strain or acceleration from the 
second data channel. 

figure(f4); 
if contains(ReadFile,'accel') 
    set(gcf,'Position',[300,300,800,400]) 
    hold on 
    yyaxis left  
    ax.Color = CH1Color; 
    plot(t,CH1_New,Color=CH1Color) 
    ylabel('% Strain') 
    % take the larger of the two "nice" endpoints 
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    limits = max( abs(gca().YLim) ); 
    % use this nice value for both endpoints 
    ylim( [-limits, limits] );         
 
    yyaxis right 
    ax.Color = CH2Color; 
    plot(t,CH2_New,Color=CH2Color) 
    title(ReadFile,'Interpreter','none') 
    xlabel('Time (ms)') 
    ylabel('Acceleration (g)','Color',CH2Color) 
     
    limits = max( abs(gca().YLim) );  
    ylim( [-limits, limits] );         
    xlim([0, max(t)]) 
    legend({CH1_label, CH2_label},'FontSize',8,'Location','northwest'); 
    grid on 
    grid minor 
    hold off 
else 
    set(gcf,'Position',[300,300,800,400]) 
    hold on 
    plot(t,CH1_New,Color=CH1Color)  
    plot(t,CH2_New,Color=CH2Color) 
    title(ReadFile,'Interpreter','none') 
    xlabel('Time (ms)') 
    ylabel('% Strain') 
    xlim([0, max(t)]) 
    legend({CH1_label, CH2_label},'FontSize',8,'Location','northwest'); 
    grid on 
    grid minor 
    hold off 
end 

Calculate derivative of strain values and integrals of accelerometer values 

This section will compute a numerical derivative using forward, central, and backwards difference 
calculations. 

CH1Deriv   = zeros(N,1);  
CH2Deriv   = zeros(N,1);  
 
% % Convert from strain to displacement with pulse length 
CH1_disp   = abs(CH1_New.*PL); 
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CH2_disp   = abs(CH2_New.*PL); 
 
% Bar tip velocity is v(t)=Co*/epsilonreference(t), Velocity is doubled due to 
free end condition 
v_tip_incident = 2*Co*CH1_New; 
 
 
% Channel 1 Numerical Derivative  
for i = 1:N  
    if i == 1 % If at first point, use forward-difference 
        CH1_p1 = v_tip_incident(i+1);  
        CH1_i  = v_tip_incident(i);  
         
        CH1Deriv(i) = (CH1_p1 - CH1_i)/dt;  
     
    elseif i == 2 || i == N-1 % If at second or second-to-last point, use 
central-difference  
        CH1_p1 = v_tip_incident(i+1);  
        CH1_m1 = v_tip_incident(i-1);  
 
        CH1Deriv(i) = (CH1_p1 - CH1_m1)/(2*dt);  
     
    elseif i == N % If at last point, use backward-difference 
        CH1_i  = v_tip_incident(i);  
        CH1_m1 = v_tip_incident(i-1);  
        CH1Deriv(i) = (CH1_i - CH1_m1)/dt;  
    else % Use 4th order method for all interior points  
        CH1_p2 = v_tip_incident(i+2);  
        CH1_p1 = v_tip_incident(i+1);  
        CH1_m1 = v_tip_incident(i-1);  
        CH1_m2 = v_tip_incident(i-2);  
        CH1Deriv(i) = (CH1_m2 - (8*CH1_m1) + (8*CH1_p1) - CH1_p2)/(12*dt);  
    end  
    CH1_Accel=CH1Deriv*m2g; 
end 
 
 
% Calculate the derivative of CH2 if it contains strain data 
if contains(CH2_label,'Transmission') 
    v_transmission = 2*Co*CH2_New; 
 
% Channel 2 Numerical Derivative  
    for i = 1:N  
        if i == 1 % If at first point, use forward-difference 
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            CH2_p1 = v_transmission(i+1);  
            CH2_i  = v_transmission(i);  
             
            CH2Deriv(i) = (CH2_p1 - CH2_i)/dt;  
         
        elseif i == 2 || i == N-1 % If at second or second-to-last point, use 
central-difference  
            CH2_p1 = v_transmission(i+1);  
            CH2_m1 = v_transmission(i-1);  
     
            CH2Deriv(i) = (CH2_p1 - CH2_m1)/(2*dt);  
         
        elseif i == N % If at last point, use backward-difference 
            CH2_i  = v_transmission(i);  
            CH2_m1 = v_transmission(i-1);  
            CH2Deriv(i) = (CH2_i - CH2_m1)/dt;  
        else % Use 4th order method for all interior points  
            CH2_p2 = v_transmission(i+2);  
            CH2_p1 = v_transmission(i+1);  
            CH2_m1 = v_transmission(i-1);  
            CH2_m2 = v_transmission(i-2);  
            CH2Deriv(i) = (CH2_m2 - (8*CH2_m1) + (8*CH2_p1) - CH2_p2)/(12*dt);  
        end  
    end 
    CH2_Accel=CH2Deriv*m2g; 
 
% Calculate Velocity and displacement if CH2 contains accelerometer data     
else 
    % Convert accelerometer acceleration to velocity and displacement 
    % Calculate integral using the cumulative trapezoidal method 
    const = 1/(2*Co); 
    v_accel = (cumtrapz(t,CH2_New)); 
 
    d_accel = (cumtrapz(t,v_accel)); 
    d_accel = d_accel*const*PL; 
 
end    
 
 
figure(f5); 
hold on 
 
subplot(3,2,1); 
plot(t,CH1_disp,Color=CH1Color) 
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ylabel('Displacement (m)') 
xlabel('Time (ms)') 
title('CH1 Displacement') 
 
subplot(3,2,3); 
plot(t,v_tip_incident,Color=CH1Color) 
ylabel('Velocity (m/s)') 
xlabel('Time (ms)') 
title('CH1 Velocity') 
 
subplot(3,2,5); 
plot(t,CH1Deriv,Color=CH1Color) 
ylabel('Acceleration (g)') 
xlabel('Time (ms)') 
title('CH1 Acceleration') 
 
if contains(CH2_label,'Transmission') 
 
    subplot(3,2,2); 
    plot(t,CH2_disp,Color=CH2Color) 
    ylabel('Displacement (m)') 
    xlabel('Time (ms)') 
    title('CH2 Displacement') 
     
    subplot(3,2,4); 
    plot(t,v_transmission,Color=CH2Color) 
    ylabel('Velocity (m/s)') 
    xlabel('Time (ms)') 
    title('CH2 Velocity') 
     
    subplot(3,2,6); 
    plot(t,CH2Deriv,Color=CH2Color) 
    ylabel('Acceleration (g)') 
    xlabel('Time (ms)') 
    title('CH2 Acceleration') 
 
else 
    subplot(3,2,2); 
    plot(t,d_accel,Color=CH2Color) 
    ylabel('Displacement (m)') 
    xlabel('Time (ms)') 
    title('CH2 Displacement') 
     
    subplot(3,2,4); 
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    plot(t,v_accel,Color=CH2Color) 
    ylabel('Velocity (m/s)') 
    xlabel('Time (ms)') 
    title('CH2 Velocity') 
     
    subplot(3,2,6); 
    plot(t,CH2_New,Color=CH2Color) 
    ylabel('Acceleration (g)') 
    xlabel('Time (ms)') 
    title('CH2 Acceleration') 
 
end 
hold off 
 
figure(f6); 
% Plot incident bar acceleration with accelerometer or transmission bar 
% acceleration together to compare magnitudes. 
figure(f7); 
if contains(CH2_label,'Transmission') 
 

plot(t,CH1Deriv,t,CH2Deriv) 
else 

plot(t,CH1Deriv,t,CH2_New) 
end 
title('Acceleration Magnitude Comparison') 
ylabel('Acceleration (g)') 
xlabel('Time (ms)') 
legend(CH1_label,CH2_label) 
 
% Create a new timetable to save datafiles with preprocessed voltage, 
% strain, and acceleration 
NewTable   = timetable(seconds(t'),CH1_VF,CH1_New,CH2_VF,CH2_New); 
 

Loop for file save 

User Interface adapted from O.C. Brandt Seitz 2020 

 
while AdjustFlag == 1 
    ANSWR = questdlg('Would you like to save this data?'); 
    switch ANSWR 
        case '' 
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            AdjustFlag = 0; 
            WriteTimetable = NewTable; 
        case 'No' 
            break 
        case 'Yes' 
            AdjustFlag = 0; 
            WriteTimetable = NewTable; 
             
            SaveList = {'Save Data to .CSV','Save Figure as .PNG','Save .MAT 
file','Save All'}; 
            [SaveSelections,tf] = listdlg('PromptString',{'What would you like 
to save?'},'SelectionMode','single','ListString',SaveList,'ListSize',[500,200]);                     
             
            if isempty(SaveSelections) == 1 
                AdjustFlag = 1; 
                continue 
             
            elseif SaveSelections(1) == 1 
             
                CSVSaveWindow() 
                [WriteDataFile, WriteDataFilePath] = 
uiputfile(['C:\Users\charlotteberg\OneDrive - Montana State University - 
Billings Bozeman Great Falls Northern\Shock Accelerometor\SHPB testing\Test 
Data\MATLAB Files\Processed Data\',ReadFile(1:end-4),'_Trimmed.csv'],'Save .CSV 
File'); 
                WriteDataPath = strcat(WriteDataFilePath,WriteDataFile); 
                writetimetable(WriteTimetable,WriteDataPath);                 
                break 
            elseif SaveSelections(1) == 2 
             
                [WriteFigureFile, WriteFigureFilePath] = 
uiputfile(['C:\Users\charlotteberg\OneDrive - Montana State University - 
Billings Bozeman Great Falls Northern\Shock Accelerometor\SHPB testing\Test 
Data\MATLAB Files\Figures\',ReadFile(1:end-4),'_Trimmed.png'],'Save Figure as 
.PNG'); 
                FigureSaveWindow() 
 
                WriteFigurePath = strcat(WriteFigureFilePath,WriteFigureFile);       
                saveas(f1,[WriteFigurePath,'_power.png'])  
                saveas(f3,[WriteFigurePath,'_voltage.png'])  
                saveas(f4,[WriteFigurePath,'_strain.png'])  
                saveas(f5,[WriteFigurePath,'_numericalDeriv.png']) 
                break 
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            elseif SaveSelections(1) == 3 
                 
                MATSaveWindow() 
                [WriteMATFile, WriteMATFilePath] = 
uiputfile(['C:\Users\charlotteberg\OneDrive - Montana State University - 
Billings Bozeman Great Falls Northern\Shock Accelerometor\SHPB testing\Test 
Data\MATLAB Files\MAT files\',ReadFile(1:end-4),'_Trimmed.mat'],'Save .MAT 
File'); 
                WriteMATPath = strcat(WriteMATFilePath,WriteMATFile); 
                save(WriteMATPath); 
                break 
            elseif SaveSelections(1) == 4 
                 
                CSVSaveWindow() 
                [WriteDataFile, WriteDataFilePath] = 
uiputfile(['C:\Users\charlotteberg\OneDrive - Montana State University - 
Billings Bozeman Great Falls Northern\Shock Accelerometor\SHPB testing\Test 
Data\MATLAB Files\Processed Data\',ReadFile(1:end-4),'_Trimmed.csv'],'Save .CSV 
File'); 
                WriteDataPath = strcat(WriteDataFilePath,WriteDataFile); 
                writetimetable(WriteTimetable,WriteDataPath); 
 
                FigureSaveWindow() 
                [WriteFigureFile, WriteFigureFilePath] = 
uiputfile(['C:\Users\charlotteberg\OneDrive - Montana State University - 
Billings Bozeman Great Falls Northern\Shock Accelerometor\SHPB testing\Test 
Data\MATLAB Files\Figures\',ReadFile(1:end-4),'_Trimmed.png'],'Save Figure as 
.PNG'); 
                WriteFigurePath = strcat(WriteFigureFilePath,WriteFigureFile);       
                saveas(f1,[WriteFigurePath,'_power.png'])  
                saveas(f3,[WriteFigurePath,'_voltage.png'])  
                saveas(f4,[WriteFigurePath,'_strain.png']) 
                saveas(f5,[WriteFigurePath,'_numericalDeriv.png']) 
                 
                MATSaveWindow() 
                [WriteMATFile, WriteMATFilePath] = 
uiputfile(['C:\Users\charlotteberg\OneDrive - Montana State University - 
Billings Bozeman Great Falls Northern\Shock Accelerometor\SHPB testing\Test 
Data\MATLAB Files\MAT files\',ReadFile(1:end-4),'_Trimmed.mat'],'Save .MAT 
File'); 
                WriteMATPath = strcat(WriteMATFilePath,WriteMATFile); 
                save(WriteMATPath); 
 
            end 
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    end 
end 
function CSVSaveWindow 
 
    CSVDialog = dialog('Position',[500 500 250 150],'Name','Save .CSV'); 
 
    uicontrol('Parent',CSVDialog,... 
               'Style','text',... 
               'Position',[20 80 210 40],... 
               'String','Choose where to save the .CSV file...'); 
 
    uicontrol('Parent',CSVDialog,... 
               'Position',[85 20 70 25],... 
               'String','OK',... 
               'Callback','delete(gcf)'); 
   waitfor(CSVDialog) 
end 
 
function FigureSaveWindow 
 
    FigureDialog = dialog('Position',[500 500 250 150],'Name','Save Figure'); 
 
    uicontrol('Parent',FigureDialog,... 
               'Style','text',... 
               'Position',[20 80 210 40],... 
               'String','Choose where to save the figure file...'); 
 
    uicontrol('Parent',FigureDialog,... 
               'Position',[85 20 70 25],... 
               'String','OK',... 
               'Callback','delete(gcf)'); 
   waitfor(FigureDialog) 
end 
 
function MATSaveWindow 
 
    FigureDialog = dialog('Position',[500 500 250 150],'Name','Save 
Calculations to .MAT File'); 
 
    uicontrol('Parent',FigureDialog,... 
               'Style','text',... 
               'Position',[20 80 210 40],... 
               'String','Choose where to save the .MAT file...'); 
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    uicontrol('Parent',FigureDialog,... 
               'Position',[85 20 70 25],... 
               'String','OK',... 
               'Callback','delete(gcf)'); 
   waitfor(FigureDialog) 
end 
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