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Abstract. The Photon Doppler Velocimetry (PDV) technique is used to 
capture simultaneously propagating elastic waves of longitudinal and shear 
nature in a Tension-Torsion Hopkinson Bar (TTHB) apparatus. The system 
uses a pair of probes per velocity measurement, which were taken on the 
opposite sides of the TTHB bar with a laser irradiated spot size of ~35 µm. 
The collected data were compared to the measurements obtained from the 
conventional strain gauge technique, and were in good agreement. The PDV 
method was effective in separating longitudinal and rotation signals even 
when they were superimposed on each other at the gauge location. This 
approach is also shown to be effective in detecting and accounting for the 
presence of bending waves in the TTHB bars. 

1 Introduction 
The split-Hopkinson pressure bar apparatus is a standard and widely used testing method for 
characterizing the high strain-rate behaviour of materials [1-3]. In the most common 
arrangement, the specimen is loaded by an incident pulse generated by an impact or a sudden 
release of stored energy traveling along the bar, where it is measured by a set of strain gauges. 
By assuming that the bars remain elastic during the test, the forces and velocities applied to 
the specimen can be found from the strain signals using an appropriate wave theory. The 
reliability and accuracy of the strain gauge depends on its size, type and the frequency 
response of the instrumentation. That is, it is impossible to resolve the strain wave features 
smaller than the active gauge length (characteristic frequency response) or frequencies 
outside the range of the driver/amplifier [4]. Another commonly reported limitation of the 
strain gauge technique is that the data is sensitive to electromagnetic interference produced 
by other circuits and devices [5]. In practice, reliable strain measurements also require well 
calibrated strain gauge sensors and good adhesion of the gauges to the surface of the bars. 
This is because an impact event can affect the strength of bonding between the strain gauges 
and the bars, and/or even break electrical connections (thus, abruptly terminating the 
measurements). Finally, the application of strain gauges becomes even more challenging with 
the progressive miniaturization of dynamic testing methods [6]. It is therefore of great 
importance to investigate other and more robust techniques for the measurement of strain 
signals and/or direct measurements of bar velocities. 
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 The photonic Doppler velocimetry (PDV) technique is commonly used in the domain of 
high energy physics focused on explosive and shock events [7-8]. It is based on a 1-D Fourier 
transform analysis of a heterodyne laser interferometry signal and can provide accurate 
measurements of the velocity of materials subjected to shock, impact and blast scenarios. 
Although SHPB experiments explore a material’s behaviour at much lower rates of loading, 
the PDV technique has been successfully applied to track the rapidly varying low velocities 
of the SHPB bars or to measure the surface changes of specimens during such tests. Lo et al. 
(1997) performed pioneering experiments demonstrating particle velocity measurements on 
the free surface end of the SHPB bar using the all-fiber Doppler velocimeter [9]. 
The measurements of velocities at the sides of the bars, the radial expansion of the specimen, 
as well as the striker bar velocity, were subsequently explored in other studies [10-13]. More 
recently, Casem et al. (2013) showed that the PDV measurement of particle velocity can 
contain a significant component due to bending waves and proposed a method with multiple 
PDV measurements to account for this effect [14]. Other related studies demonstrated 
the application of optical measurement techniques to miniaturised SHPB systems with bars 
having a diffraction grating [15], or the use of temporal speckle interferometry in-plane 
displacement measurement devices to replace the strain gauges in the SHPB tests [16]. 
 This study expands on previous works by demonstrating the use of the PDV technique 
as an effective way of capturing simultaneously propagating elastic waves of longitudinal 
and shear nature along the bars in a Tension-Torsion Hopkinson Bar (TTHB) apparatus. 

2 Experimental Methods 
A schematic of the TTHB system used in this study is shown in Fig 1a. The system consisted 
of two Al bars having a diameter and length of 20 mm and 2.5 m, respectively. The tension 
and shear strain energies were prestored and released by a single clamp mechanism 
positioned in proximity to the end of the input bar. The torque and tensile forces were applied 
upon the other end of the input bar through a system of actuators. The clamp was released by 
breaking a notched pin with increasing clamping force. The bars were connected together 
using an adapter of the same material and diameter, so that a part of the stored energies 
travelled directly into the output bar. The propagation of corresponding tensile and shear 
waves was captured by the strain gauges and the PDV system at different locations on 
the bars, as shown in Fig. 1a—b. More details about the development of the TTHB system 
can be found in Xu et al. (2020) [17]. 
 

 
Fig. 1.: (a) Schematic of the TTHB system; (b) input bar of the TTHB system with the indicated 
locations of the strain gauges (SG) and the PDV enclosure. 
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 A schematic representation of a single PDV channel is shown in Fig. 2a. The PDV 
system, by using a heterodyne technique, obtains the heterodyne beat signal by mixing a 
reference signal (𝑓") and a Doppler shifted reflection of 𝑓$(𝑡) off a moving bar surface. The 
resulting beat frequency, ∆𝑓$(𝑡) = 		 𝑓$(𝑡) − 𝑓", is related to the surface velocity,	𝑢(𝑡), by 
 

𝑢(𝑡) =	 ,-
.
	∆𝑓$(𝑡),                                                  (1) 

where 𝜆" is the wavelength of probing laser.  
 The source of two signals are narrow line-width (<700Hz) single-frequency fibre laser 
sources operating at 1550 nm CW. The detector used for the beat frequency measurements 
was a fibre input InGaAs biased detector (Thorlabs DET08CFC/M), and the signal from this 
detector was captured by a LeCroy WaveMaster 808Zi-B oscilloscope having a bandwidth 
of 8 GHz and a sampling rate of 40 GS/s. The system was capable of recording up to 8 optical 
channels simultaneously (2 oscilloscopes). The oscilloscopes were set to trigger and acquire 
data when the tensile stress wave (incident wave) has reached the strain gauge. The fibre 
probes were custom-made pigtail style collimators for 1550 nm with a focal length of 30 mm 
and a spot size of 35 μm. Three pairs of probes were installed on the input and output bar 
such that the measurements of longitudinal motion (indicated as L1 & L2 in Fig. 2b), 
rotational motion (indicated as R1 & R2 in Fig. 2b) and transverse motion (indicated as T1 
& T2 in Fig. 2b) of the bars could be captured. The measurements were made on opposite 
sides of the bars to minimize disturbances in the measured signals originating from 
the propagation of bending waves. For transverse motion measurements, the probes were 
arranged normal to the surface of the bar. In other cases, the laser beams irradiated the bar at 
an incidence angle of 𝜃 = 35° with respect to the surface, as shown in Fig. 2b. 
 

 
Fig. 2.: (a) Schematic of the PDV channel and the data analysis process; (b) three pairs of probes located 
inside each PDV enclosure for the measurements of longitudinal (L1 & L2), rotational (R1 & R2) and 
transverse (T1 & T2) motions, respectively. 
 

 The captured interference patterns were consequently split into a series of overlapping 
time windows, and Fourier transformed to create a series of spectra (Fig. 2a). The surface 
velocities were retrieved by fitting a Gaussian curve to the centre value of the peak in each 
vertical segment of the power spectrum. Signals away from the peak velocities were filtered 
and avoided during fitting. Further details about the STFT data analysis process can be found 
in Strand et al. [7]. The spectrogram was obtained by using window lengths and overlap ratio 
of 10 μs (50 000 data points) and 0.75, respectively. The true velocity (𝑉2345) was calculated 
by averaging the velocity measurements made on the opposite side of the bar and accounting 
for the projection of the bar axis onto the laser axis as, 

 

𝜈2345 = 	
789:;<.>
?@AB

,                                                     (2) 
 

where 𝜃 is the incidence angle of probing laser. 
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 For the strain gauges, the tensile/shear strain within the bar can be expressed as 
 

𝜀 = 	D	E-
FGEH

,                                                            (3) 
 

where 𝑈" is the voltage output of the Wheatstone bridge, 𝑈J is the excitation voltage, 𝐺L  is 
the gauge factor (sensitive to the prestored tensile and shear energies if applied together), and 
i=2,4 and depends on the circuit configuration. 

The tensile/shear strain within the bar and the velocity in the elastic region are related by 
 

𝜀 = M
NO,<
	,                                                           (4) 

 

where 𝑣 is the velocity, and 𝑐2,S is the tensile/shear speed of sound in the bar. 

3 Results and Discussion 
Figure 3a—b shows the velocity measurements made by the three pairs of probes located on 
the input bar. First, it is worth noting the velocity measurements made by the probes T1 and 
T2. In the ideal case scenario, the input bar moves/rotates along the symmetry axis, and these 
two probes should measure no velocity change. The non-zero velocity measurements denote 
the presence of bending waves in the bar, which likely originated from the clamp release 
mechanism. Consequently, this undesirable motion of the bar caused disturbances in 
the measured signals by the other probes. Note that the longitudinal velocity measurements 
show a good agreement between the signals measured by the probes located on the opposite 
side of the bar (L1 and L2) until the arrival of bending waves (Fig. 3a). The reason for 
the disturbances in the measured signals occurring at the later stage is that the bending waves 
travel at a slower speed than the longitudinal waves. The input bar, by moving towards 
the probe T1, added a positive velocity component in the measurements made by the probe 
L1. The opposite effect was observed on the other side of the bar. However, such interference 
associated with bending waves is usually eliminated when the average of both signals is used 
in the further analysis, as is the case with the strain gauge measurements. 
 

 
Fig. 3. PDV velocity measurements made by the three pairs of probes located on the input bar, where: 
(a) L1 and L2 are the longitudinal velocity profiles, and T1 and T2 are the transverse velocity profiles, 
(b) R1 and R2 are the rotational velocity profiles, and T1 and T2 are the transverse velocity profiles. 
 
 The release of the prestored tension strain energy moved the input bar away from 
the probes that measured the longitudinal velocity and hence, the measured velocity was 
negative. In the case of rotational velocity measurements, the bar was rotating towards both 
probes, and the measured velocity has a positive sign (Fig. 3b). It should be noted that 
the bending waves are dispersive in nature (different frequencies travel at different speeds), 
thus the disturbances caused by their presence was observed along the whole shear wave 
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pulse. The bending waves contributed to the velocity measurements made by the probes R1 
and R2, and consequently must be considered in the further analysis. 

 Figure 4a—b shows a comparison of measured velocities of the input bar by the two 
techniques. There is a good agreement between the collected data, despite the presence of 
bending waves and that the measurements were taken at different location on the bar 
(see Fig. 1b). Small fluctuations in the magnitude of measured signals might have two 
origins. First, the PDV technique is more sensitive to the presence of bending waves. That is, 
if the bending wave is in a different plane, the bar is moving away from its initial position 
and measurements are no longer taken in the middle (reference) plane of the bar 
(the measured component of velocity has changed), while the strain gauge data is always 
collected from equally spaced 4 strain gauges bonded around the bar diameter. On the other 
hand, the strain gauges are sensitive to strains in directions other than the principal strain 
axis. For example, if only the tensile (or compression) strain energy is stored in the system, 
the loading direction remains constant with regard to the tensile strain gauge, and 
the collected data can be directly analysed and related to the measurements of longitudinal 
strain. However, the application of secondary rotational loading to the input bar can result in 
geometrical effects, such as twisting instability in the form of deflection or bending, and 
consequently affects the readings of the tensile strain gauge. Other effects, such as the classic 
Poynting effect might also add to the complexity of the system, since the rotational load 
applied to the Al bar results in its elongation [18-19]. 
 

 
Fig. 4. Comparison of the longitudinal (a) and rotational (b) velocity profiles measured by the strain 
gauges (SG) and the PDV techniques. 
 
 Overall, the results show that the PDV technique is an attractive diagnostic tool for 
the TTHB experiments. Such an approach has been effective in separating longitudinal and 
rotation signals even when they were superimposed at the gauge location. One of the key 
advantages over the traditional strain gauge technique is that such laser-based approach is 
non-invasive and insensitive to the amplitude of incident pulses in the TTHB system. Thus, 
it allows for experiments at higher strain-rates with a reduced risk of data loss. The PDV 
systems has also a clear advantage over the strain gauge technique in the systems that use 
prestored energy to generate combined loading pulses. This is because the prestored energy 
in the form of combined loading (e.g., tension/compression and torsion) gives rise to 
geometrical effects like twisting instability or the Poynting effect, which require careful 
calibration to ensure the accurate strain measurements.  
 Another advantage of the PDV technique is that the data is recorded in the frequency 
domain of the measured signals. This makes the data insensitive to electrical noise, and more 
reliable than the strain gauge technique. The theoretical upper frequency (the -3dB point) for 
a bonded strain gauge was estimated to be approximately 600 kHz, while the PDV technique 
was limited by the instrumentation and electronic components used to evaluate it (5 GHz). 
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Also, the PDV measurements were made at a discrete representation of the cross section (spot 
size of 35 μm) allowing for higher precision in measured strain-profiles, as compared to 
the strain gauges (2 mm gauge length). The PDV approach can therefore be applied to much 
smaller split-Hopkinson pressure bar apparatus, where the strain gauge measurements are 
challenging. Finally, the PDV technique as an active diagnostic tool can be used at any 
location on the TTHB system. For example, it can provide a direct measurement of the end 
bar velocity. 
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