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Abstract 
 

In most AE source location applications, a constant signal velocity (or global velocity) is as-
sumed in the Geiger’s algorithm, which uses derivative information to represent the propagation 
of acoustic emission (AE) signals and is widely used to locate crack sources. However, the actual 
signal velocities vary notably from the constant velocity when the testing structures are com-
posed of multiple material layers. This velocity variation is known to induce substantial location 
error and divergence in the computation. The present work proposed a variable velocity ap-
proach, which assigns a specific bulk velocity to the AE signal waves received at each sensor. In 
this approach, first an initial signal velocity is assumed for each sensor based on its relative loca-
tion to a guessed microcrack; this initial velocity is then adjusted in the following computation 
according to the residual of arrival time. The performance of variable velocity approach in terms 
of convergence in computation was discussed. Using this approach, we studied fatigue-induced 
microcracks cumulated in a cemented total hip arthroplasty (THA) specimen. It was found that 
the static location error was reduced from 7.1 mm to 4.7 mm in pencil-lead break (PLB) tests. In 
the fatigue experiments performed on the specimen, we found this approach reduced computa-
tional divergence with respect to using the constant velocity approach, and achieved higher accu-
racy in microcrack source locations. The results indicated that the proposed variable velocity ap-
proach has significant advantages over the constant velocity approach when a specimen is com-
posed of multiple material layers.  
 
1. Introduction 
 

Total hip arthroplasty (THA) has been successfully used for decades to replace the malfunc-
tioned joints caused by severe osteoarthritis, rheumatoid arthritis and trauma. THA (Fig. 1) is 
composed of acetabular shell, polyethylene liner, femoral head, and hip implant (stem). Cement 
layer, as an option to anchor the implant into the femur, is mainly used in elderly patients or pa-
tients, who have poor potential of bone in-growth. Previous retrieval studies found that fatigue 
induced aseptic loosening is one of the leading causes of THA failure, and the loosening is corre-
lated to the accumulation of microcracks in cement mantle, and the interfaces between ce-
ment/femur and cement/stem [1-3]. As a result, monitoring and investigating the microcrack per-
formances become a main concern of researchers to better understand the fatigue mechanism of 
THA. Although various physical models has been developed to count and locate the microcracks 
occurred on certain cross sections after particular loading cycles [4-6], they all suffered some 
main drawbacks: failed to locate microcracks in three dimensional settings, failed to reveal the 
occurrence time, and lacked the capability of real time monitoring.  
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Recently we applied AE to study the THA fatigue mechanism [7-9] because of its high sensi-
tivity and real-time monitoring capability [10-12]. In our research, THA integrity was evaluated 
by microcrack occurrence time, number and energy level and microcrack locations were com-
puted based on the arrival time, signal velocity and coordinates of each receiving sensor. The 
testing results indicated that AE can effectively monitor the specimen integrity, but the current 
algorithm suffered serious divergence and significant location errors. In most AE applications, 
signals received by all channels were assigned a constant velocity, which was defined as Gei-
ger’s method, widely used in the studies of locating the microcracks. The constant velocity in 
Geiger’s method can be used for specimens composed of single material. For specimens com-
posed of multiple materials such as a THA that has four material layers, due to the refraction and 
reflection of AE signals at material interfaces, the actual signal velocity to a sensor is affected by 
material property and actual travel path. Because of the existence of these parameters, each sen-
sor will receive an AE signal at a distinct velocity. In order to count for the signal velocity varia-
tion, we adapted a method that assigns each sensor a specific signal velocity to construct a spe-
cific velocity model. Although this method was widely used in seismology to determine the sig-
nal velocity of each sensor station [13, 14], it is unrealistic in the present study owing to the high 
sampling rate (>2 MHz) and the requirement of real-time monitoring.   
 

The purpose of this work is to locate the fatigue-induced microcracks that occurred in THA 
specimens. We will accomplish this work by developing a variable velocity model using Gei-
ger’s method. We will first use static pencil-lead break (PLB) tests to verify the trustfulness of 
the velocity model. After the static validation, we will verify the variable velocity model in real 
fatigue tests.  

 
Fig. 1 Components of a total hip arthroplasty (THA). The thickness of the cement layer is be-
tween 3 to 10 mm. 
 
2. Materials and Methods 
 
Specimen Preparation  

Standard THA specimens were prepared using Spectron hip stem (Smith & Nephew, Mem-
phis, TN), Palacos R bone cement (Smith & Nephew, Australia) and synthetic Sawbone femur 
(Pacific Research Laboratory, Vashon, WA) (Fig. 2a). Each specimen had four layers of materi-
als from outside to inside: glass fiber (representing femoral cortical bone), polyurethane foam 
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(representing cancellous bone), PMMA bone cement and CoCr stem (Fig. 2b). The average ve-
locities of AE signal propagating in these materials were found to be 3.90, 3.00, 3.10 and 5.50 
mm/µs, respectively, in experiments. A specimen without any radiographic defects was selected 
for this study. The specimen was potted distally into a steel cylindrical fixture using Fast cast 
(Goldenwest Mfg., Cedar Ridge, CA). The effective loading length of the specimen (from the 
loading point on the ball joint to the top surface of the cylinder) was 254 mm. A coordinate sys-
tem was established at the center of the top surface of the cylinder (Fig. 2a).   
 

 
Fig. 2(a) THA specimen and the coordinate system established on the top surface of the steel fix-
ture. (b) Transverse section of the THA specimen. Four material layers are shown. (c) AE sensor 
placement. 
 
AE Instruments 

Eight AE sensors (Nano 30, Physical Acoustics Corp., Princeton, NJ) were attached on the 
specimen surface with silicon grease applied between the specimen and sensors (Fig. 2c). The 
sensors resonant frequency and operating frequency were 140 kHz and 125 - 750 kHz, respec-
tively. The coordinates of sensors and randomly selected points for PLB tests were measured us-
ing machine lathe. The distances from break points to each sensor were calculated. The AE sig-
nals were conditioned by preamplifier (AEP4, Vallen Systeme, Icking, Germany) and then sent 
to an AE acquisition system (ASMY-5, Vallen Systeme) for data preprocessing. 
 
Geiger’s Source Location Method  

Currently there are various microcrack location algorithms available. Ge [15-17] summarized 
these methods and demonstrated that iterative methods are more flexible and reliable. Geiger’s 
method has been widely used in commercial AE software. This method simplifies the nonlinear 
system equations into first-order Taylor series and solves the linearized system using the least-
square solution. The four unknowns in a source location problem are: the source location, S (xs, 
ys, zs), and the origin time, ts. The distance from the microcrack to sensor j is defined as [8, 16]:  

222 )()()( sjsjsjjjj zZyYxXvL !+!+!="= #            (1) 

where τj is the signal travel time (difference between detected arrival time Tj and ts) from the mi-
crocrack to the sensor; (Xj, Yj, Zj) is the sensor coordinates; vj is the actual signal velocity, which 
is usually replaced by an assumed value. For an AE signal received by n sensors, n equations es-
tablish the relationship among the unknowns and known parameters such as (Xj, Yj, Zj) and vj. 
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Because there are four unknowns in the mathematical system, at least four picking sensors are 
needed to ensure the microcrack locatable. The solution of the problem is usually started from a 
guessed value ),,,( 0000

ssss tzyx . Then, the residual of the arrival time of sensor j after the 1st itera-
tion, rj1 is: 
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where m is the degree of freedom; in this research, it is 4 because there are 4 unknowns. RES is 
often used as the stop criteria of the iteration process; more iteration is needed until a predefined 
tolerance is satisfied. If the process converges after the ith iteration, the residual of sensor j, rji is 
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If no convergence is reached after certain number of iterations, the results of the last iteration are 
usually regarded as the final results, but its reliability is low compared to those that converged 
quickly.   
 
Technical Difficulties in Specimens Composed of Multiple Material Layers  
 When a constant velocity is used in Geiger’s method, divergence and location inaccuracy are 
likely to be the major technical problems encountered, especially if a specimen is composed of 
multiple material layers. Theoretically, four factors may contribute to these problems:  
 1) improper distribution of sensor array,  
 2) quality of arrival time,  
 3) accuracy of the assumed velocities and  
 4) truncation error of the first-order Taylor series.  
Representing the nonlinear equations with first-order Taylor series can induce some truncation 
errors, but usually insignificant. The stability of the source location system is not a major con-
cern in this study because the specimen is well covered by the sensor array. Two issues may 
cause the errors on arrival time: threshold setting and abnormal data sets. The floating threshold 
can effectively reduce error level on arrival time. The abnormal data received by some sensors in 
certain events is due to either environmental noise or one event is extremely close the other. 
Those data is few in this study and usually disregarded. Actual signal velocities may vary from 
the assumed value when the specimen is composed of multiple material layers. Due to the refrac-
tion and reflection of AE signals at material interfaces, signals can reach a sensor through multi-
ple paths. The signal velocity of each path is the function of several factors including the signal 
travel length in each material, material properties and attenuation. The actual signal velocity de-
termined by the first picking path is difficult to be anticipated.  
 

To evaluate the actual signal velocities in a single microcrack event and to estimate the error 
level induced by the constant velocity, a theoretical study was performed to simulate the signal 
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Fig. 3 Illustration of the travel paths of AE signals. M is a hypothetical microcrack location; A, 
B, and C are AE sensors. From this illustration, A is the closest sensor to M and the signal veloc-
ity of MA is the highest. B, involved most interfaces and materials, has the lowest signal veloc-
ity. 
 
propagation from a microcrack (M) to three sensors (A, B, C) (Fig, 3). The possible first picking 
paths were designated and the travel length in each passing layer (Li) was measured. The signal 
velocity of the path was: 
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where L was the absolute distance from M to each sensor; τ was the total travel time, which was 
determined by Li and corresponding theoretical velocity vi. The estimated signal velocities of the 
three paths were 3.90, 2.75 and 3.20 mm/µs, respectively, indicating the variance on actual ve-
locities was remarkable among sensors. Since no single value was close to all of these velocities, 
assuming a constant signal velocity to all sensors will induce velocity errors on certain sensors 
and further cause divergence and inaccurate location.  
 
Variable velocity approach 
 It is common sense that those sensors close to a microcrack receive signals at higher velocity 
because of shorter travel path and few material interfaces. Therefore we can estimate the actual 
velocity of the signals according to the sensors relative location to the microcrack.  
 
 The first step of the variable velocity approach was to assign the signal an initial value at 
each sensor. For a certain event, we divided the specimen surface into four fields according to a 
guessed solution ),,( 000

sss
zyx ; and sensors in certain field were given the same initial signal ve-

locity. We named this velocity as field velocity hereafter. The field velocity is the average signal 
velocity of all sensors in a given field. It is estimated through a series of PLB tests performed at 
different coordinates. Figure 4 showed an example of field partition. For example, a hypothetical 
microcrack was assumed at point P; the specimen surface (represented as a cylinder shell) was 
partitioned into four fields accordingly.  
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Fig. 4 The field partition in source location computation. The specimen surface is divided into 4 
fields regarding to the guessed microcrack (P). Sensor 4 (S4) and S5 belonged to Field 1 (F1, in 
red color); S6 belonged to F2 (yellow); S1 and S7 belonged to F3 (cyan); and S2, S3 and S8 be-
longed to F4 (blue). 
 
 The second step is to adjust the initial velocity. The adjustment is performed according to the 
magnitude of the residual, rji:  
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where ∆v is the adjustment on i
jv . “+” is used when rji is positive; otherwise using “–”. The ad-

justment procedure will stop when Equation 9-2 is satisfied in all sensors or unsatisfied after cer-
tain number of iterations. In both case, the signal velocity of each sensor is regarded as the opti-
mal velocity and sent to Geiger’s method to finally compute the optimal location of the mi-
crocrack. The procedures of the variable velocity approach were presented as flowchart in Fig. 5. 
The approach was realized as a customized software, 3DMem, using Matlab (Mathworks, 
Natick, MA).  
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Static Location Error  
The PLB tests were used to validate the 

variable velocity approach through static loca-
tion errors. Two groups of PLB tests were 
performed on the specimen surface. The first 
group was used to determine the field veloci-
ties. Pencil leads were broken at four ran-
domly selected locations. In each break, the 
specimen surface was partitioned into four 
fields according to the coordinates of the 
break point, and sensors were sorted into cer-
tain field. A reference sensor was attached 
next to the break point to monitor the signal’s 
origin time ts. The actual signal velocity of 
sensor j was: 

sj

j

j

j

j
tT

LL
v

!
==

"
     (10) 

where Lj was the distance from the PLB point 
to sensor j; and τj was travel time. As the field 
velocity was an estimated average signal ve-
locity of all sensors sorted to the field, sensors 
from four PLB tests were considered together 
and the average signal velocity of all sensors 
belonged to each field was the corresponding 
field velocity.  
 

The second group of PLB test was used to 
evaluate the location errors in static condition. 
Nine PLB tests were performed at three points 
on the specimen surface, three breaks at each 
point. The locations of break points were first 
computed using Geiger’s method at a constant 
signal velocity of 3.20 mm/µs, and then 3D- 

 
 
Fig. 5 Flowchart of the variable velocity ap-
proach. 
 

Mem. The tolerance of RES was 5 µs, and the maximum iteration number was 50. The final RES 
and iteration number of each event were recorded and compared after computation. The differ-
ences between the computed and actual locations of break points were the static location errors. 
A reference sensor was attached next to break points and actual signal velocities were calculated 
using Equation 10. The specific velocities achieved by 3DMem and constant velocity were com-
pared to actual velocities to indicate which velocity model was more accurate.  
 
Dynamic Location Error  

The THA specimen was hinge-hinge constrained at both ends onto a testing machine (HT 
500, MTS Systems Corporation, Eden Prairie, MN). A sinusoidal compressive fatigue loading of 
267/2670 N at 2 Hz was applied on the specimen for 5 million cycles. The locations of fatigue-
induced microcracks were computed first using Geiger’s method with a constant velocity of 3.20 
mm/µs, and then 3DMem. The iteration number to convergence and corresponding RES of each 
microcrack were monitored in both algorithms. The tolerance of RES was set as 1 µs, and the 
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maximum iteration number was 50. After the fatigue experiment, the specimen was transversely 
sectioned at six levels using a low-speed diamond saw (Isomet 1000, Buehler Ltd., Lake Bluff, 
IL), from the stem collar with 15 mm interval (Fig. 6b). Section surfaces were polished and in-
spected using an environmental scanning electronic microscope (SEM, Model XL30; Philips, 
Achtsewed, Netherlands) operated at an accelerating voltage of 1 kV. Cracks on each section 
were identified and measured; their locations were compared to the computed microcracks to 
assess the dynamic location error. Because the observable cracks were limited only on the sur-
face of those sections, the error level in Z direction was unavailable. The dynamic error in XY 
plane was: 

22

YXXY
eee +=                   (11) 

where eX was the measured location error in X direction, and eY was the error in Y direction. 
 
3. Results 
 

In the PLB tests used to determine the field velocities, there were totally 28 sensors received 
the PLB signals (each PLB signal was received by 7 sensors). After the field partition, 11 sensors 
were sorted into Field 1; 6, 9 and 2 sensors were sorted into Field 2 to 4, respectively. The aver-
age signal velocity of sensors in Field 1 was 3.59 ± 0.37 mm/µs, those of Field 2 to 4 were 2.67 
± 0.19, 3.44 ± 0.17 and 3.38 ± 0.03 mm/µs, respectively, which were assigned to be the corre-
sponding field velocities. 
 
Table 1. Computed static location error on the three PLB points using global velocity approach 
and variable velocity approach. 
 

PLB coordinates (mm) Errors of GV  Errors of VV  
Relative (%) Relative (%) PLB 

X Y Z 
X Y Z 

Abs. 
(mm) X Y Z 

Abs. 
(mm) 

B1 -9.6 15.4 276.0 45.8 42.3 0.5 8.0 34.7 30.8 0.1 5.8 
B2 -6.2 -13.3 243.0 70.6 42.6 0.1 7.2 47.4 19.3 0.0 4.0 
B3 11.1 -7.2 211.0 27.2 74.3 0.5 6.2 5.1 56.9 0.1 4.2 

Avg.       7.1    4.7 
S.D.       0.9    1.0 

Note: GV: global velocity approach; VV: variable velocity approach; Abs.: absolute errors, which are obtained by: 
222 )()()( zyx !+!+!  

 
In the second group of PLB test, the constant velocity approach generated an average static 

location error of 7.1 mm on the three points (B1 to B3), whereas 3DMem generated an average 
error of 4.7 mm (Table 1). Sensors had various signal velocities after the function of variable ve-
locity approach. For example, in B2, the initial signal velocities of sensors 1 to 7 were set as 
2.67, 3.59, 3.59, 2.67, 3.44, 3.44, and 3.44 mm/µs; they became 2.51, 3.76, 3.69, 2.62, 3.44, 
3.21, and 3.13 mm/µs after velocity adjustment. The actual signal velocities calculated through 
Equation 10 were 2.58, 3.61, 3.54, 2.78, 3.59, 3.20 and 3.03 mm/µs. Comparing to the constant 
velocity (3.20 mm/µs), the specific velocities achieved in the variable velocity approach were 
closer to actual signal velocities (p = 0.012). Under the same convergence criterion (RES < 5 µs), 
only the three breaks at B1 can reach convergence at 49 times of iteration when constant velocity 
approach was used, the average RES of B1 to B3 were 4.7, 5.4 and 8 µs; On the other hand, all 
breaks at the three points converge after 1 time of iteration when the variable velocity approach 
was used, and RES were 0.5, 0.58 and 0.7 µs, respectively. 
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Fig. 7 Computed microcracks (red dots) superimposed onto the picture of Section #2. a) Geiger’s 
method. b) 3DMem. Cracks observed by SEM are presented by blue stars. 

 
There were 5655 microcracks occurred in the fatigue test. When plotted onto the X-ray im-

age (YZ plane), the computed microcracks using constant velocity approach scattered mainly in 
the proximal side of the specimen (Fig. 6a). A large percentage of microcracks were outside of 
the boundary of the specimen, indicating constant velocity approach generated a large-scale error 
in Z-axis. Most microcracks located by variable velocity approach were congregated in a small 
area in the proximal side (Fig. 6b). When plotted onto the picture of transverse section #2 (XY 
plane), the computed microcracks using constant velocity approach scattered mainly in the stem 
(Fig. 7a); whereas microcracks computed with 3DMem accumulated into 13 clusters distributing 
in the stem and along the stem/cement interface (Fig. 7b). The microcracks were so concentrated 
that they were likely to be thought as only 13 microcracks. This phenomenon occurred in other 
studies as well, but microcracks were more scattered in most cases. The computation were un-
able to converge after 50 iterations in all microcracks when constant velocity approach was used, 
and the average RES was 470 ms. On the other hand, there were only 84 microcracks diverged 
using variable velocity approach. All other data converged after 1 to 3 times of iterations, and the 
average RES was 0.77 µs. SEM inspection did not find cracks on the transverse sections except 
Section #2, the one cumulated most microcracks computed by variable velocity approach. On the 
section, 6 cracks were identified along stem/cement interface (Fig. 7b). When matching the com-
puted microcracks to the observed cracks, the average error using 3DMem was 3.3 mm in X di-
rection and 1.7 mm in Y direction. The total dynamic location error in XY plane was 3.7 mm 
(Eq. 11). Error level on microcracks computed by constant velocity approach was unavailable 
because they were scattered and difficult to be matched to certain observed cracks. But it could 
be seen that constant velocity approach generated larger errors on microcrack locations.  
  

The results of both PLB tests and fatigue tests indicated that the variable velocity approach 
significantly reduced system divergence encountered in the constant velocity approach. The al-
gorithm of the variable velocity model could be worded into a theorem under a weak condition in 
the following statement: if a system of equations of a source location problem is convergent us-
ing the approach of constant velocity, this system will not diverge using the approach of variable 
velocity in Geiger’s algorithm1. 

                                                 
1 See note after References section. 
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4. Conclusions 
 

In this work, AE technique was used to locate the fatigue-induced microcracks occurred in a 
cemented femur stem construct of a THA specimen composed of multiple material layers. To 
reduce the divergence and location error level caused by the constant velocity, a variable velocity 
approach was developed to assign each sensor a specific signal velocity. The results of pencil-
lead break tests indicated that in comparison with the constant velocity approach, the specific 
signal velocities determined by the variable velocity approach were closer to the actual signal 
velocities; the source location error levels were decreased (from 7.1 mm to 4.7 mm) and the con-
vergence of computational algorithm was increased. In THA fatigue tests, microcracks location 
accuracy and convergence was significantly improved as well. The output of this research sug-
gests that the variable velocity approach could function better than the constant velocity ap-
proach in cases where multiple material layers were involved.  
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Note: Due to the complexity of the theoretical deduction, we have illustrated this theorem by us-
ing a simplified model in 2D hyperbolae. For a microcrack signal received by three or more sen-
sors, a hyperbola can be defined by two sensors based on the signal travel times and velocities 
[18]. The ideal source location should be the intersection point of all ideal hyperbolae (defined 
by correct travel times and signal velocities). Due to the inaccuracy of the assumed constant ve-
locity, the actual hyperbolae are often likely not to intersect at a point. The difference between 
the intersecting points forms an area, whereas the maximum difference is the actual error that 
produced in source location computation. The size of this area is affected strongly by the selec-
tion of proper velocity. When using the variable velocities, since the assumed velocities are 
closer to the actual signal velocities, all hyperbolae are closer to the ideal ones. This area is re-
duced and as a result, computed microcrack location will be much closer to the real one. The 3D 
case is similar to the 2D model, the ideal location should be the intersection of a series of hyper-
boloids; and the volume (instead of area in 2D) defined by the variable velocity approach is 
closer to the ideal location. For detail information regarding this theorem, please refer to [19]. 


