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a b s t r a c t

This paper describes an implantable, remotely interrogated system for the in vivo measurement of both
micromotion and migration in applications such as total hip arthroplasty (THA) and total knee arthroplasty
(TKA). These metrics are the primary indicators of post-operative implant stability and their easy avail-
ability represents an important advance in the ability of clinicians to assess the long-term stability of the
implants and also to plan and optimise patients’ rehabilitation protocols. The system is based on a mod-
eywords:
HA
mplantable
n vivo

icromotion
igration

ified form of differential variable reluctance transducer (DVRT) whose null-point is set automatically by
means of a self-calibration algorithm. The self-calibration process not only allows the measuring bridge
to work at maximum accuracy (i.e. for micromotion measurements) but also automatically records gross
changes in position (migration). Simulations and preliminary measurements show that the calibration
algorithm works correctly in spite of component tolerances and initial set up errors, and that the device
can measure micromotion with an amplitude as low as 1 �m with a gross displacement (migration) in
alibration the range 0 to ±4 mm.

. Introduction

Modern THA, total hip arthroplasty or total hip replacement, was
rst performed by John Charnley in the 1960s [1]. It is now seen as
ne of the most important surgical advances of the 20th century,
ith 50,000 hips replaced in the UK with an overall cost of £140
illion per annum [2]. Furthermore, TKA, total knee arthroplasty,
hich has been developed over last thirty years, is challenging THA

n terms of volume. It is reported by the UK National Health Service
NHS) that more than 70,000 knee replacements were carried out
n England and Wales in 2007 [3]. These numbers will increase in
uture as THA and TKA become more and more accepted, due to
heir contributions to both pain relief and function improvement
n patients. The outcomes of such surgery are also encouraging: the
atisfaction rate as reported in previous investigations [4,5] is more
han 80% after primary TKA, and Ng [6] and Ramiah [7] claimed that
uality of patients’ lives has been improved and sustained up to five
ears after THA. Many other studies have also verified that THA and

KA are highly beneficial and cost-effective procedures [8,9].

In spite of this success, a high post-operative failure rate has
een increasingly reported in recent years. Failure rates ranging
rom 10 to 20% for knee prostheses during the first five years have
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been shown Ranawat [10] and Skolnick [11]. Similarly, Losina [12]
found that 4.4% of prostheses failed by the end of the fifth year
after primary THA. These failed implants usually led to revision
surgery, which in addition to being more expensive than the initial
procedures has inevitable adverse effects such as higher operative
complication rate and a reduction in prosthesis durability [13]. As
a result, much effort has been made during last few decades to
understand better the failure mechanisms involved. This has led to
corresponding technical advances which have improved prosthesis
design for long-term survival.

Many investigators consider aseptic loosening, either symp-
tomatic or asymptomatic, to be the most common failure mode
in both THA [14,17] and TKA [15,16]. Nixon [13] reported that
aseptic loosening is the cause of 70% of THA revision procedures;
in Ducheyne’s survey [16] loosened knee implants accounted for
5.8%. There are many technical and biological factors that con-
tribute to the loosening [16], in which particulate wear debris is
the major one in THA [17], while mal-alignment is prevalent in
TKA [15]. Since aseptic loosening is one of the most common failure
modes, the extent of post-operative implant stability, which largely
determines the incidence of loosening, is an important predictor
of durability for both cemented and, in particular, uncemented

prostheses which rely on bone ingrowth for long-term fixation
[18,19,21]. In addition, it is also important to reduce the risk of
long-term failure of implants [20].

Prostheses with inadequate stability tend to suffer from exces-
sive motion at the prosthesis-bone or cement-bone interface under

http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:sh258@bath.ac.uk
dx.doi.org/10.1016/j.sna.2009.10.016
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age controlled sinusoidal oscillator (VCO) of amplitude Vin, internal
resistance r and frequency, f. Vin was chosen to be about 100 mV
and f about 100 kHz since these values can be conveniently gen-
erated by a CMOS VCO in integrated circuit form. In addition, this
Fig. 1. Placement of the device in total hip arthroplasty (THA).

aily weight-bearing loads [21], leading to ultimate failure. As a
esult the post-operative stability of implants is quantified in terms
f their post-operative migration and micromotion. Migration is the
onrecoverable movement of the implant slowly embedding itself

nto the host tissue as a consequence of loading. Micromotion, on
he other hand, is the recoverable relative movement between
mplant and bone associated with the elasticity of the construct.
vidence suggests that early implant micromotion of uncemented
ip implants is strongly correlated with clinical loosening and
ence premature failure [22]. This is because excessive movement
ill inhibit bone ingrowth into the porous surface, which is the

ase of the biological fixation [21].
There have been many studies that focus on the post-operative

tability prediction of implants by measuring their migration. Imag-
ng techniques such as Roentgen stereophotogrammetric analysis
RSA) were generally used in early investigations [11,23], however
heir applications are constrained by poor resolution (>100 �m).

ore recently in vitro methods of measurement have been devel-
ped to evaluate implants in cadaveric or synthetic bone models
o evaluate implant migration and micromotion [24,25]. These sys-
ems employ a linear variable differential transformer (LVDT) device
ogether with loading configurations using artificial bone. In such
ests a precision of 5 �m can be reached [26].

In spite of the availability of methods for monitoring migration,
here is currently no method for direct in vivo measurement of
mplant micromotion. In this paper we describe a device which pro-
ides the first combined in vivo measurement of both micromotion
nd migration in the context of applications such as THA and TKA.
he system, which is based on a modified DVRT (differential variable
eluctance transducer), is mounted in the bone cavity as indicated
n Fig. 1 (for THA) and has no direct contact with the implant.
ontrol, data transmission and power supply will be provided
y means of a telemetry system, although these aspects are not
iscussed.

Whilst it is well known that bridge-based position sensors are
ery sensitive when exactly balanced, it is difficult to install such
evices in an application such as we describe given the unavoidable
omponent tolerances and the imperfections of surgical assembly.
n order to overcome these critical problems, we describe an elec-
ronic self-calibration method which allows the bridge to function
t maximum precision even in the presence of significant com-
onent tolerances. Apart from allowing precise measurements of

icromotion to be made, the action of the self-calibration algo-

ithm requires a record to be kept of gross changes in the position
f the balance point of the bridge. This record provides a conve-
ient and accessible measure of migration [27]. Taken together,
he methods proposed to measure micromotion and migration are
Fig. 2. Circuit schematic showing the form of the DVRT and its connection to the
signal processing electronics (the series resistance of the coils rL are not shown in
the figure).

somewhat analogous to small- and large-signal analysis in conven-
tional analogue circuit theory.

This paper presents an in-depth analysis of the operation of the
system validated by detailed bench measurements. These mea-
surements indicate a limiting axial resolution of about 1 �m for
micromotion with the additional advantage of providing a record
of long-term implant settling (migration) in the range −4 mm to
+4 mm. Although the system as described in this paper is designed
for measuring the motion of the stem in the axial direction at the
prosthesis–bone interface, it can in principle be adapted to detect
motion in other planes.

The paper is organised as follows. Section 2 provides an
overview of the theory of the device while Section 3 focuses on
the operation of the calibration algorithm. Section 4 describes the
results of bench tests on the device and Section 5 discusses the lim-
itations of the method and the assumptions that have been made
in developing the theoretical treatment. Section 5 also considers
in outline the requirements of an integrated version of the device
suitable for implantation.

2. System configuration

2.1. Properties of the RL bridge

The system is based on a modified form of differential variable
reluctance transducer (DVRT). Fig. 2 is the circuit schematic of the
DVRT showing its connection to the signal processing electronics
and Fig. 3 shows typical dimensions for use in THA. The circuit
consists of a pair of coaxial cylindrical inductive coils L1 and L2
and two pairs of variable resistors R1, R2 and R3, R4 connected
to form an RL-Wheatstone bridge. A short ferrite rod attached to
the implant engages with the coils along their axis, while the coils
themselves are attached to the bone. The bridge is driven by a volt-
Fig. 3. Approximate coil and ferrite rod dimensions for use in THA.
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ig. 4. Arrangement for bench-testing. The co-axial bridge coils (scaled for total hip
rthroplasty (THA); cf Figs. 1–3) are on the left of the picture and the ferrite rod
s connected to the micrometer gauge on the right. The limiting resolution of this

icrometer is 1 �m.

hoice of operating frequency requires resistors of a few hundred
hms (which can be easily realised in integrated circuit form as
ither fixed or variable components) and inductors of about 1 mH
hich can be realised as cylindrical coils sufficiently small for

mplantation (operation at lower frequencies is also considered).
he outputs of the bridge and the VCO are both required as inputs
o the signal processing circuitry.

The experimental results reported in this paper were obtained
rom a bench model with the dimensions of Fig. 3. A photograph of
he bench model is shown in Fig. 4. L1 and L2 each consisted of a 5-
ayer coil of 38 SWG insulated copper wire (about 400 turns in total)

ith a coupling coefficient k and series resistance, rL. The ferrite rod
s a standard cylindrical component with a relative permeability
�) of 48, resulting in a self-inductance of about 800 �H, a typical

utual inductance of about 165 �H and a series resistance of about
1 �.

The signal processing employed in the bench experiments was
ery simple consisting a signal generator (for the VCO), an ampli-
er for the bridge output, gain about 500 and bandwidth about
00 kHz, the outputs being read on an oscilloscope. The variable
esistors were multi-turn components which were adjusted man-
ally according to the algorithm described below.

The transfer function of the bridge, H1(jω), is given by the fol-
owing expression where ω is the angular frequency (=2�f; see
ppendix A for the detailed derivation):

1(jω) = Vo-bridge(jω)
Vin(jω)

= REAL + j.IMAG (1)

here Vo-bridge(jω) is the output voltage of the bridge (see Fig. 2)
nd REAL and IMAG are functions of R1–4, L1,2, k and ω. If Av is the
oltage gain of the amplifier, the overall transfer function of the
ystem is:

(jω) = Av · H1(jω) = Av(REAL + j.IMAG) (2)

Initially the system is set so that R1 = R2 and R3 = R4. If the rod
s then placed at the geometrical centre of the coils so that L1 = L2
he bridge is balanced and the output voltage is zero since both the
erms REAL and IMAG in Eq. (1) are zero. However, in practice it is

mpossible to achieve this level of balance due to mis-positioning
f the ferrite rod as a result of imprecision in the surgical assembly
nd/or tolerances in the values of the inductors and other com-
onents. In consequence, it is impossible to determine either the
tatic displacement (misalignment) of the core once the system has
ors A 157 (2010) 150–160

been implanted or its gross movement thereafter (migration), thus
reducing the effectiveness of the DVRT in this application. However,
these problems are solved by means of the calibration procedure
described in the next section.

3. Calibration and output analysis of the system

3.1. Calibration method

As already noted, the key problem is orientating the ferrite rod
precisely at the geometrical centre of the coils so that at rest the
inductors L1 and L2 are equal and the bridge is balanced giving zero
output. If, as is generally the case, such mechanical precision is not
feasible, we show that it is possible to bring the output of the bridge
close to zero by adjusting the electrical parameters of the system,
specifically the frequency f and the values of the four resistors R1, R2,
R3, and R4. In practice, two of the resistors (say R2, R4) can be preset
to fixed values which simplifies the calibration process (the algo-
rithm described below assumes this simplification. Suitable choices
for these resistor values are discussed in Appendix C). Application
of the method will also absorb tolerances in the component values
generally. Note that if four variable resistors are employed, greater
precision is possible at the expense of a more complex algorithm
and an increased number of iterations.

One complication of the calibration process is that the real part
and imaginary part of the transfer function H1(jω) of the bridge both
depend on R1 and R3 (Eq. (1)), which means any variations in the
real part or the imaginary part, caused by R1 or R3, leads to changes
in the other. Therefore, the adjustment of the real and imaginary
parts must be repeated iteratively before the bridge is completely
balanced, which raises the issue of convergence (see Appendix B).
In practice, as described below, this is not a serious problem as the
process converges to the required level of residual error after very
few iterations.

To null the output to zero, with reference to Eq. (1) and the
definition of terms given in Appendix A, we adopt the following
procedure:

1. Sweep the oscillator frequency until the phase angle of H1(jω) is
zero or 180◦. This is the resonant frequency of the system and
sets term IMAG in (1) to zero.

2. Adjust R1 until the phase angle of H1(jω) is 90◦ or −90◦. This sets
the term REAL to zero.

3. Adjust R3 until the phase angle of H1(jω) is zero or 180◦. This sets
term IMAG to zero.

4. Repeat steps 2 and 3 until the output is zero.

The calibration process is terminated when |H1(jω)| < 2 × 10−5.
In some cases, the calibration fails because the equations

REAL = 0 or IMAG = 0 have no real solutions for R1, R3. Conditions
for successful calibration are discussed in Section 5.

3.2. Output analysis of system

After calibration, the new values of R1, R3 are R′
1, R′

3 respectively,
and hence the new values of REAL and IMAG defined in Eq. (1) are
REAL′ and IMAG′. A key assumption in the theory which follows
is that variations of L1, L2 and M caused by small axial displace-
ments, z, of the rod can be represented by the following set of linear

equations:

L′
1 = L1 + m1z

L′
2 = L2 − m2z

M′ = M − m3z
(3)
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Fig. 5. Coil self-inductance. Measured values of L1, L2 as a function of small axial
displacements (micromotion) for five different values of initial position D (0, 1, 2, 3,
4 mm).
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Fig. 7. Measured system output Vo as a function of small axial displacements (micro-
motion) (−25 to 25 �m) for different values of the initial offset D. All the cases show
the response after calibration. Vin = 0.1 V, f = 100 kHz.
ig. 6. Mutual inductance between L1, L2 as a function of small axial displacements
micromotion) for five different values of the rod initial position D (0, 1, 2, 3, 4 mm).

here m1, m2 and m3 are constants. Substituting Eq. (3) into Eq. (2)
nd differentiating with respect to z:

∂Vo

∂z
= AvVin

(
∂REAL′

∂z
+ j

∂IMAG′

∂z

)
(4)

here ∂REAL′/∂z and ∂IMAG′/∂z are functions of R′
1,3, R2,4, L1,2, k,

1,2,3 and ω, which are constants after calibration is complete. Eq.
4) can also be written in polar form:

∂Vo

∂z
= AvVin

⎧⎨
⎩

√(
∂REAL′

∂z

)2

+
(

∂IMAG′

∂z

)2
⎫⎬
⎭ .ej� (5)

here � = arg(∂Vo/∂z).
From Eq. (5), it is apparent that Vo, the output voltage of the

ystem, is proportional to the rod displacement z if Eq. (3) is valid,
.e., if a small-signal analysis can be applied (the validity of this

ey assumption has been tested experimentally and is discussed in
ection 4.1). This allows the micromotion of the rod to be predicted
rom changes in the observed output voltage Vo and the output
radient (see Eqs. (4) and (5)).
Fig. 8. Measured system output Vo as a function of small axial displacements (micro-
motion) (−400 to 400 �m) for different values of the initial offset D (migration). All
the cases show the response after calibration. Vin = 0.1 V, f = 100 kHz.

Finally, once the calibration process is complete and the mod-
ified values of the resistors R′

1, R′
3 are known, the gross axial

displacement (migration) of the implant since the last calibration
phase can be calculated. A 1-to-1 mapping relationship between
the values of R′

1, R′
3 and implant migration exists and hence the

migration can be conveniently found using a look-up table. Fur-
thermore, since a similar mapping process allows the values
of L′

1 and L′
2 to be found, the polynomial functions REAL′ and

IMAG′ can be determined and Eq. (5) can be solved. This pro-
vides the slope of the characteristic at the new operating (null)
point and allows small changes in the output voltage due to
micromotion to be translated into a measure of axial displace-
ment.

It is important to note that the two modes of measurement
are independent and so do not interfere with one another. This
is because migration measurement is a consequence of the con-

vergence of the calibration algorithm whereas micromotion is only
measured once the system parameters have settled down. This
point is expanded in Section 5.1 where the analogy to large- and
small-signal circuit analysis is made. Note the ability to separate
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Table 1
A comparison of the calculated and measured gradients of the system output for
different values of the initial offset D. Errors between them are also shown in the
table.

4.3. Large axial displacement (migration)

Tables 2 and 3 show measured and calculated values of R1,
R3 after calibration with respect to gross displacement of the rod
(migration), at 100 and 12 kHz respectively. This data illustrates

Table 2
Comparison of calculated and measured values for R1, R3 after calibration as a
function of rod migration D at 100 kHz. All calculations and measurements are for
R1 = R2 = 400 � and R3 = R4 = 100 � initially. The calculation results have 7 significant
figures, while the measured results have 3 significant figures due to the limit of the
testing equipment.

D (�m) Calculated R1, R3

(�/�)
Measured R1,
R3 (�/�)

R1 error
(%)

R3 error
(%)

0 405.5015/101.2881 402/101 0.86 0.28
100 412.223/103.1584 410/103 0.54 0.15
200 418.6361/104.9324 417/105 0.39 0.06
300 425.2956/106.7633 424/108 0.30 1.16
400 432.035/108.6151 430/110 0.47 1.28
500 438.9249/110.5321 437/112 0.44 1.33
600 445.9755/112.4824 445/115 0.22 2.24
700 453.0851/114.449 452/117 0.24 2.23
800 460.3083/116.4457 459/119 0.28 2.19
900 467.5202/118.4406 466/122 0.33 3.01

1000 474.9121/120.4837 472/124 0.61 2.92
1200 490.0047/124.6368 489/130 0.12 4.30
1400 505.5013/128.9315 505/135 0.10 4.71
1600 521.3331/133.2985 521/140 0.06 5.03
1800 537.4873/137.7543 537/146 0.08 5.99
2000 553.8521/142.2917 550/150 0.70 5.42
2250 574.8595/148.1057 575/159 0.02 7.36
54 S. Hao et al. / Sensors and A

igration and micromotion relies on the basic assumption that
igration is a slow process compared to micromotion.

. System implementation and results

A high precision micrometer head, with an accuracy of 1 �m,
as used in our tests for micromotion adjustments and measure-
ents. The micrometer head is combined with the pair of coils

orming the bridge by means of a nylon holder mounted on a steel
ase. The ferrite rod is connected to the micrometer gauge to mon-

tor its displacement. The coil pair is connected to four manually
djustable potentiometers to form a DVRT bridge, which is then
onnected to an amplifier system. A photograph of this system
s shown in Fig. 4. The four potentiometers are multi-turn units
ariable between 0 and 1 k�.

The total gain of the amplifier is about 500 with a bandwidth
f 200 kHz. A sine wave signal with 0.1 V amplitude and frequency
f 100 kHz is applied to the input of the system and the output is
onitored using an oscilloscope. The coil inductance and poten-

iometer values were measured using a high precision LCR meter
ith an accuracy of about 0.05%.

.1. Coil self-inductance and mutual inductance

Figs. 5 and 6 show the measured variation of self-inductance and
utual inductance of the coils for small displacements of the rod

corresponding to micromotion). It is clear that a linear relationship
etween inductance L1, L2, M and displacement is preserved over a
ange of −400 to 400 �m even with initial gross displacements of
he rod (migration; 0 to +4 mm in Figs. 5 and 6). This validates the
ey assumption expressed by Eq. (3), allowing a linearised small-
ignal model to be employed to predict micromotion in a range of
bout ±400 �m. Starting with the data in Figs. 5 and 6, curve fitting
s used to determine the parameters of Eq. (3) (inductance values
n �H) as a function of gross displacement, D:⎧⎪⎨
⎪⎩

L′
1 = 779.04 + 0.0745z

L′
2 = 764.56 − 0.0734z

M =
{

165.08 + 0.0025z z ≤ 0
165.05 − 0.0003z z > 0

⎫⎪⎬
⎪⎭@D = 0

{
L′

1 = 859.68 + 0.0863z
L′

2 = 697.07 − 0.0613z
M = 162.74 − 0.005z

}
@D = 1 mm{

L′
1 = 950.16 + 0.0944z

L′
2 = 642.24 − 0.048z

M = 154.64 − 0.0104z

}
@D = 2 mm{

L′
1 = 1047.4 + 0.0989z

L′
2 = 600.74 − 0.0348z

M = 142.18 − 0.0142z

}
@D = 3 mm{

L′
1 = 1145.9 + 0.0976z

L′
2 = 572.09 − 0.0229z

M = 126.93 − 0.016z

}
@D = 4 mm

(6)

ote: M can be considered as a constant when D = 0.

.2. Output voltage and small axial displacements (micromotion)

Once the self-calibration process is completed, the output volt-
ge can be measured with the rod displacement adjusted by the
icrometer head with an increment of 1 �m. The effect of imple-

enting this procedure is shown in Figs. 7 and 8. Fig. 7 shows that

he output is zero at z = 0 and that the linearity is preserved over a
ange of values which is adequate for micromotion measurement.
ote that the gradient varies slightly with D due to the changes in

esistor values and coil inductance inherent in the process.
D (mm) 0 2 3 4
Calculated gradient (mV/�m) 3.48 3.24 2.88 2.64
Measured gradient (mV/�m) 3.44 3.32 3.04 2.66
Error (%) 1.15 2.47 5.56 0.76

Fig. 8 shows the measured variation of the system output as a
function of rod micromotion under the same input conditions as in
Fig. 7, but with an extended range of axial displacement (−400 to
400 �m). Note that nonlinearity begins to emerge at offsets beyond
about ±250 �m, due mostly to the onset of clipping in the ampli-
fiers following the bridge. This suggests that implant micromotion
can be detected and measured using this system in a range of at
least −250 to 250 �m, which is adequate for most clinical applica-
tions. This value is in excess of the experimentally established lower
limit of micromotion that, when exceeded, leads to the formation
of connective tissue at the bone-implant interface. This is known
to compromise the stability of fixation, and, ultimately, leads to
implant loosening [28].

Table 1 provides a comparison between the measured and
calculated gradients of the output voltage as a function of axial
displacement, z. These results indicate that the system can esti-
mate micromotion with an accuracy varying from 1% to over 6%,
depending on initial gross displacement (migration). For an input
voltage of amplitude 100 mV, the gradient of the post-calibration
output voltage is in the range about 3–4 mV/�m. This is well above
the noise floor of a typical CMOS amplifier emphasizing the practi-
cality of the proposed system. The loss of accuracy in micromotion
prediction with increasing implant migration (gross displacement)
is discussed in the next section.
2500 596.0424/153.9456 596/166 0.01 7.83
2750 617.7653/159.9758 619/174 0.20 8.77
3000 639.6718/166.0209 637/180 0.42 8.42
3500 683.8052/178.224 686/197 0.32 10.54
4000 727.6318/190.3681 731/213 0.46 11.89
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Table 3
Comparison of calculated and measured values for R1, R3 after calibration as a
function of rod migration D at 12 kHz. All calculations and measurements are for
R1 = R2 = 40 � and R3 = R4 = 10 � initially. The calculation results have 6 significant
figures, while the measured results have 3 significant figures due to the limit of the
testing equipment.

D (�m) Calculated R1,
R3 (�/�)

Measured R1,
R3 (�/�)

R1 error
(%)

R3 error
(%)

0 40.6177/10.1125 40.6/10.1 0.04 0.12
100 41.1829/10.362 41.2/10.2 0.04 1.56
200 41.8409/10.6624 41.9/10.5 0.14 1.52
300 42.4614/10.9513 42.6/10.8 0.33 1.38
400 43.0956/11.2428 43.2/11.0 0.24 2.16
500 43.7361/11.5348 43.9/11.4 0.37 1.17
600 44.3957/11.8329 44.6/11.9 0.46 0.57
700 45.0549/12.136 45.3/12.0 0.54 1.12
800 45.7204/12.4326 46.1/12.3 0.83 1.07
900 46.3974/12.7443 46.8/13.1 0.87 2.79

1000 47.0856/13.0667 47.5/13.6 0.88 4.08
1200 48.489/13.7012 49.1/14.1 1.26 2.91
1400 49.9135/14.3599 50.5/14.8 1.18 3.06
1600 51.3739/15.0194 52.1/15.6 1.41 3.87
1800 52.8632/15.7059 53.7/16.4 1.58 4.42
2000 54.369/16.3884 55.3/17.3 1.71 5.56
2250 56.3036/17.2787 57.3/18.2 1.77 5.33
2500 58.253/18.1613 59.5/19.2 2.14 5.72
2750 60.2451/19.0798 61.6/20.2 2.25 5.87
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3000 62.2318/19.9792 63.7/21.3 2.36 6.61
3500 66.2551/21.7486 68.0/23.3 2.63 7.13
4000 70.2351/23.6486 72.3/25.5 2.86 7.32

he 1-to-1 mapping between the values of R1, R3 and rod migration
D), which has already been alluded to and which enables migration
o be calculated with knowledge of either R1 or R3. The derivation
f an analytical expression relating these variables is detailed in
ppendix B. In practice, it is more convenient to construct a look-
p table based on Table 2 to estimate the value for D (this approach

ends itself well to an automated version of the system). The range
f migration prediction available is about 0 to ±4 mm, with a lim-
ting resolution of about 17 �m, as indicated in Table 2. This value
s calculated from the limiting resolution of the instrument used to

easure R1 (1 �). Note that, as shown in Fig. 9, the errors between
he measured and calculated values of R1, R3, in particularly for
3, increase rapidly with the rod migration (from 0.28% at D = 0 to

1.89% at D = 4 mm), contributing to the errors in migration and
ubsequent micromotion measurement. Furthermore, errors of R1
t f = 12 kHz are greater than those at f = 100 kHz, while errors in R3
re lower.

ig. 9. Errors between calculated and measured values of R1, R3 as a function of gross
isplacement (migration) D at 12 and 100 kHz, respectively (see also Tables 2 and 3).
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5. Discussion

5.1. Overview of the device and its operation

In this paper we have described an RL bridge-based technique
which enables small axial displacements (≈1 �m) of a rod to be
measured about a pre-determined zero reference point. The zero
reference point can have an axial displacement of about ±4 mm
with respect to the global reference, which is the geometrical centre
of the device. The process is analogous to large- and small-signal
analysis in conventional analogue circuit theory, since whilst the
gross axial displacement requires a nonlinear description, the small
displacements can be characterised using linear models.

The bridge consists of a pair of coaxial cylindrical coils into which
a ferrite core is inserted, attached to a rod which links the bridge to
the external system whose axial displacement is to be measured.
We have shown that the coils can be miniaturised to the point
where the complete system (which also includes signal process-
ing and telemetry subsystems) is of a dimension suitable for use in
clinical applications such as total hip arthroplasty (THA) and total
knee arthroplasty (TKA), although other, non-clinical applications
are possible.

A very important feature of the device is that measurement
accuracy for small displacements is preserved across the prescribed
range of gross axial displacement, relaxing the constraints on com-
ponent tolerances and surgical assembly. This is possible due to
a self-calibration algorithm which automatically adjusts certain
parameters of the device (operating frequency, two variable resis-
tors R1 and R3), automatically nulling the output of the bridge to
a pre-determined limit (see Section 3) and setting the ‘operating
point’ for the measurement of small displacements. The measured
voltages are converted into axial displacements using the gradi-
ent of the output voltage at the operating point defined by the
gross displacement D. The value of D can be found from the new
values of the variable resistors R1 and R3 (i.e, R′

1 and R′
3) after

the completion of the calibration process. Although the values of
these resistors relate uniquely to the gross displacement D, the
relationship between them is nonlinear and it is suggested that
the use of a look-up table is an effective way of performing this
calculation.

The significance of this process is that large and small displace-
ments are accessible separately, leading naturally to the recording
of migration and micromotion in orthopaedic prostheses, which is
the principal application suggested here. The properties of the cal-
ibration algorithm are described in some detail in Section 5.2.

The calculation of both the large and small signal displacements
requires analysis which relies on certain assumptions and approx-
imations. A natural consequence of this is that the measurement
accuracy is limited. The sources of potential error are listed in Sec-
tion 5.3.

5.2. Properties of the calibration algorithm

In the calibration section it was noted that the calibration algo-
rithm consists of three steps. For this process to be successful, it is
necessary for the equations REAL = 0 and IMAG = 0 to have real solu-
tions (see Eqs. (1), (A.9) and (A.10)). In addition, the algorithm must
converge in the sense that the termination criterion is ultimately
satisfied after N iterations, where N is finite. Table 4 shows the
number of iterations N required for different values of the coupling
coefficient k and the initial value of �L, the difference between L1

and L2, where L1 = L0 + �L/2, L2 = L0 − �L/2, L0 = 800 �H and R1,3 lie
in the range 0–1 k�. All the data are collected from MATLAB-based
simulations.

Note: the coils L1 and L2 can be connected in-phase or in anti-
phase. We refer to these as Type I and Type II respectively. In Table 4,
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Table 4
The number of iterations (N) required for successful bridge calibration as a func-
tion of k and �L. N/A means the algorithm does not converge and so calibration is
impossible; all calculations are for R1 = R2 = 400 �, R3 = R4 = 100 � and f = 100 kHz.

k �L (�H)

0 20 100 200 300 400 500 600

−0.9 0 2 2 2 2 2 3 3
−0.8 0 2 2 2 2 2 3 3
−0.7 0 2 2 2 2 3 3 3
−0.5 0 2 2 3 3 3 3 4
−0.2 0 2 3 3 3 3 4 4

0 0 2 3 3 3 3 4 4
0.2 0 2 3 3 3 3 3 N/A
0.5 0 2 4 4 5 N/A N/A N/A
0.7 0 3 4 6 N/A* N/A N/A N/A
0.8 0 3 5 N/A N/A N/A N/A N/A
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Test structures based on all the required subsystems have been
fabricated, using 0.35 �m CMOS technology and are in the process
of being tested. The outline block diagram of a possible automated
version of the system is shown in Fig. 10.
0.9 0 3 N/A N/A N/A N/A N/A N/A

* N/A means the calibration algorithm does not converge.

egative values of k represent a Type I connection and positive
alues of k represent Type II (see also Appendix A).

Table 4 illustrates that when k is positive, the number of iter-
tions N increases monotonically with both k and �L. With k
egative, N increases more slowly. Furthermore, for k positive and
ith certain values of �L, the calibration fails when k exceeds a

hreshold value. In this case, the maximum allowable values of k
kmax) for successful calibration are shown in Table 5. It can be seen
hat there is an inverse correlation between kmax and �L.

As a result of this observation, in our system the coils are con-
ected so that k < 0 and the so bridge can always be calibrated. Using
ur present measuring system it is difficult to measure N with high
recision. This is due to the fact all adjustments are carried out
anually using multi-turn potentiometers. The collection of accu-

ate values of N will be much facilitated by the use of an automatic
alibration system, probably employing a microcontroller, which is
nder construction at the present time and which is discussed in
utline below.

.3. Summary of error sources

Gross displacement (migration) calculation:

Instrument errors: the LCR meter used to determine L1 and L2 is
accurate to about 0.05%.
Flux leakage from L1 and L2 which is dependent on the position of
the ferrite core, invalidating the model equations for the bridge.

Small displacement (micromotion) calculation:

Amplifier nonlinearity: for the largest values considered (±400 �m)
the amplifier output exceeded 1 V and the onset of clipping was
becoming noticeable.
Flux leakage: (same comment as migration).

Errors affecting both measurements:
VCO output harmonic distortion: although the range of tuning of the
VCO is relatively small (approximately 50–200 kHz) the resulting
harmonic distortion will be larger than for than for an optimized

able 5
he maximum values of coupling coefficient (kmax) that allows successful calibration
f the bridge.

�L (�H) 20 100 200 300 400 500 600
kmax 0.975 0.855 0.713 0.572 0.430 0.285 0.132
ors A 157 (2010) 150–160

fixed-frequency unit. However, simulations and measurements
indicate that the presence of levels of 2nd and 3rd harmonic dis-
tortion as high as 1% had no noticeable effect on the calibration
algorithm.
Component temperature variation: the system employs several
types of components (resistors, inductors, etc.) with significant
temperature coefficients. However, since body temperature is very
stable (≤±1 ◦C, in the absence of infection) this is unlikely to be a
problem. In addition, any changes could be immediately corrected
by running an extra calibration process.

It is also worth noting that since the small displacement mea-
surements were made using an oscilloscope with a maximum
resolution of ±2 mV, with an amplifier gain of 500, the maximum
axial resolution is about ±0.5 �m.

5.4. Automated implementation

The measurements described in this paper were made manu-
ally, i.e. the resistors R1 and R3 were implemented as multi-turn
potentiometers which were adjusted by hand against the output
which was monitored on an oscilloscope. The nature of the calibra-
tion algorithm described in Section 3 and the simple adjustments
which are required to implement it lends itself well to an auto-
mated realization using a microcontroller. This could be integrated
with the rest of the electronics or alternatively kept separate and
mounted on a small board.

The main circuits/subsystems (in addition to the microcon-
troller) required in the design are (i) a voltage controlled oscillator
(VCO), (ii) a phase detector, (iii) a phase quadrature detector and
(iv) two fixed resistors (values 400 and 100 �) and two variable
resistors variable within the approximate range 10 � to 1 k�. Mea-
surements indicate that variations of the variable resistor values
with a step of 0.1 � are sufficient to achieve residual transfer func-
tion amplitude of 2 × 10−5 after calibration. This resolution can
be obtained using a 16-bit microcontroller, which is readily and
cheaply available.
Fig. 10. Proposed hardware realisation of the device. The component references
correspond to Fig. 2 while the connections to the right of the figure are the inputs
and outputs to a microcontroller.
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.5. Practical application

Patients will be assessed post-operatively during a clinic visit,
n accordance with normal patient follow-up protocols. The auto-

atic calibration algorithm implemented within the device allows
igration and micromotion measurements to be made over an

xtended period of time. Follow-up assessment dates can be inter-
paced by a few days in the immediate post-operative period, to a
ew months in the medium term, usually within one year of the
urgical procedure, and annually, biannually or at longer inter-
als thereafter [29]. At the beginning of each assessment visit, the
ystem would be calibrated enabling the gross axial displacement
migration) since the last calibration to be recorded. Since body tem-
erature is very stable (≤±1 ◦C, in the absence of infection) the mea-
ured change recorded at the time of each calibration is a reliable
easurement of gross axial shift (migration). During the follow-up

isit to the clinic micromotion would be measured as the patient
erforms normal daily living activities such as, for example, walk-

ng and many samples could be collected during each gate cycle.

. Conclusions and future work

This paper has described the principles of a method which
llows the remote measurement of both large (order of mm) and
mall (order of �m) displacements of an implanted motion sensor.
lthough intended initially for the measurement of micromotion
nd migration in hip (THA) or knee (THK) prostheses, there are
any other potential applications. Analysis is validated with pre-

iminary measured results (from bench tests) and good agreement
as reported.

At present an integrated version of the system is being devel-
ped for in vitro testing in the laboratory. A two-chip solution is
eing considered for this consisting of a full-custom design con-
aining all the electronic components and subsystems except the

icrocontroller, realised in 0.35 �m CMOS technology. The full-
ustom chip together with the microcontroller will be mounted on
small board. For future in vivo evaluations and eventual clinical

pplication, a telemetry system will also be required, although this
spect is not considered in this paper.
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ppendix A. Transfer function of the bridge shown in Fig. 2

Appendices: These appendices contain approximate derivations
f certain results used elsewhere in the text. The methods pre-
ented are based on an idealised (i.e. first-order) model of the
oupled inductors L1 and L2 (mutual inductance M). Appendix A
ontains the derivation of the bridge transfer function discussed
n Section 2; Appendix B analyses the convergence of the self-
alibration algorithm (see Section 3) and Appendix C provides a
ethod for estimating the initial values of the resistors.

As M /= 0, the voltages appearing across L1, L2 are1:

VL1 = jωL1I1 − jωMI2
VL2 = jωL2I2 − jωMI1

(A.1)

1 The negative signs in eqn A1 relate to M and k positive, i.e, a Type II connection of
he coils in which the effect of coupling is to reduce the voltages across L1 and L2 . In
Type I connection M and k are negative and the signs in the equation are inverted.

n practice, as discussed in Section 4 of the paper, a Type I connection generally
nsures more rapid and reliable convergence of the self-calibration process.
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The input voltage of the bridge, Vin, is therefore:

Vin = (R1 + R3)I1 + VL1 = (R2 + R4)I2 + VL2 (A.2)

where the parasitic resistances of the coils, rL, is absorbed into the
values of R3 and R4.

Substitute (A.1) into (A.2) and eliminate VL1 and VL2:

I2 = R1 + R3 + jω(L1 + M)
R2 + R4 + jω(L2 + M)

I1 = UI1 = (a + jb)I1 (A.3)

where

U(jω) = R1 + R3 + jω(L1 + M)
R2 + R4 + jω(L2 + M)

= a + jb (A.4)

Hence Eq. (A.2) can be written as

Vin = [R1 + R3 + jω(L1 − UM)]I1 (A.5)

Using Eqs. (A.3) and (A.5), the output voltage of the bridge can
be calculated:

Vo-bridge = R1I1 − R2I2 = Vin
R1 − UR2

R1 + R3 + jω(L1 − UM)
(A.6)

Substitute (A.4) into (A.6), the transfer function of the bridge is:

H1(jω) = REAL + j.IMAG (A.7)

and the output voltage of the bridge (including the amplifier), V0
is:

Vo = Av · H1(jω) · Vin = Av · (REAL + j.IMAG) · Vin (A.8)

where Av is amplifier gain (assumed to be frequency independent)
and

REAL = (R1 − aR2)(R1 + R3 + ωbM) − bR2ω(L1 − aM)

(R1 + R3 + ωbM)2 + ω2(L1 − aM)2
(A.9)

IMAG = −bR2(R1 + R3 + ωbM) − ω(R1 − aR2)(L1 − aM)

(R1 + R3 + ωbM)2 + ω2(L1 − aM)2
(A.10)

where

a = (R1 + R3)(R2 + R4) + ω2(L1 + M)(L2 + M)

(R2 + R4)2 + ω2(L2 + M)2
(A.11)

b = ω[(R2 + R4)(L1 + M) − (R1 + R3)(L2 + M)]

(R2 + R4)2 + ω2(L2 + M)2
(A.12)

Appendix B. Convergence analysis for the calibration
process shown in Section 3.1

As noted in the calibration section, the second step is to
adjust the potentiometers R1 and R3 alternatively in each itera-
tion to make REAL or IMAG zero until |H1(jω)| approaches zero.
Let R1,n and R3,n represent the calibrated values of R1 and R3
at nth iteration, which means R1,n and R3,n−1 produces result of
zero for REAL, while R1,n and R3,n produces result of zero for
IMAG.

That is,

REAL(R1,n, R3,n−1) = 0
IMAG(R1,n, R3,n) = 0

(B.1)

Substituting (A.9) into (B.1), the relationships between R1,n and
R3,n then can be written as

R1,n = 1
2A1

[
A3 − A2R3,n−1 + (A7R2

3,n−1 + A8R3,n−1 + A9)
1/2

]
R3,n = 1

2B1

[
B3 − B2R1,n + (B7R2

1,n + B8R1,n + B9)
1/2

] (B.2)
where A1–3,7–9 and B1–3,7–9 are functions of R2,4, L1,2, M and ω.
The two equations in (B.2) can be simplified by expanding

(A7R2
3,n−1 + A8R3,n−1 + A9)

1/2
and (B7R2

1,n + B8R1,n + B9)
1/2

using a
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aylor series expansion about the real numbers E1 and E2, if E1 and
2 are sufficiently close to R3,n-1 and R1,n:

(A7R2
3,n−1 + A8R3,n−1 + A9)

1/2 = (A7E2
1 + A8E1 + A9)

1/2 + 1
2

(A7E2
1 +

and

(B7R2
1,n + B8R1,n + B9)

1/2 = (B7E2
2 + B8E2 + B9)

1/2 + 1
2

(B7E2
2 + B8E2

here Rm1 and Rm2 are remainder terms.
To simply (B.3), the following two assumptions are made based

n analysis above:

(i) E1 = (d/dmax)*[(R3,∞)dmax − (R3,∞)dmin] + (R3,∞)dmin,
E2 = (d/dmax)*[(R1,∞)dmax − (R1,∞)dmin] + (R1,∞)dmin with
0 < n < ∞, where d is the initial gross displacement (migration),
dmin and dmax are minimum and maximum allowable migra-
tion (in our test it is 0 and 4 mm respectively), (R1,∞)dmin and
(R3,∞)dmin are values for R1,3 when n approaches infinity at
D = dmin, and (R1,∞)dmax and (R3,∞)dmax are values for R1,3 when
n approaches infinity at D = dmax.

ii) Rm1 and Rm2 can both be ignored.
Based on these two assumptions, (B.2) can be reduced as follows
y substituting (B.3) to (B.2):

R1,n ≈ X0 + X1R3,n−1 n ≥ 1
R3,n ≈ Y0 + Y1R1,n n ≥ 1

(B.4)

ig. B1. Inductance of L1, L2 as a function of migration D between 0 and 4 mm.

ig. B2. Coupling coefficient k as a function of migration D between 0 and 4 mm.
ors A 157 (2010) 150–160

+ A9)
−1/2

(2A7E1 + A8)(R3,n−1 − E1) + Rm1

)
−1/2

(2B7E2 + B8)(R1,n − E2) + Rm2

(B.3)

where X0,1 and Y0,1 are functions of A1–3,7–9, B1–3,7–9 and
E1,2.

Substitute the expression of R3,n into the expression of R1,n in
(B.4), therefore the expression of R1,n as a function of R1,0 is:

R1,n ≈

⎧⎪⎨
⎪⎩

X0 + X1R3,0; n = 1
n−2∑
m=0

(X1Y1)m(X0 + X1Y0) + (X1Y1)n−1R1,1; n > 1

R3,n ≈
n−1∑
m=0

(X1Y1)m(Y0 + X0Y1) + (X1Y1)nR3,0; n ≥ 1

(B.5)

It is apparent that R1,n and R3,n converge towards a limiting value
as n approaches infinity if |X1Y1| < 1. This limit corresponds to zeros
of the functions REAL and IMAG (B.1) and hence the null-point of
the bridge. To show convergence, it is sufficient (but not necessary)
to show that |X1Y1| < 1.

The plots of individual inductance of L1, L2 and coupling coeffi-
cient k as a function of migration (D) are shown in Figs. B1 and B2.
The expression of |X1Y1|, however, is a high-order function of L1, L2
and k, which varies with the initial displacement of the rod (migra-
tion). Here we examine the inequality |X1Y1| < 1 using a graphical
method. The plot of |X1Y1| as a function of the initial migration
(Fig. B3) shows that the value of |X1Y1| is less than 1 with the initial
migration between 0 to 4 mm. In conclusion, the bridge can be cal-
ibrated after a finite number of iterations with the initial migration
from 0 to 4 mm.

As shown in (B.5), when n → +∞, the values of R1,n and R3,n are:

R1,∞ ≈ X0 + X1Y0

1 − X1Y1
Y0 + X0Y1

(B.6)

R3,∞ ≈

1 − X1Y1

The accuracy validation of Eq. (B.6) is illustrated in Fig. B4 by com-
paring the calibrated values for R1, R3 calculated from Eq. (B.6) and
those from Eq. (B.1). The low errors (<0.08%) between two groups of

Fig. B3. X1Y1 as a function of the initial migration (D) in the range 0–4 mm. It can
be seen that |X1Y1| < 1 throughout the range. Initially R1 = R2 = 400 �, R3 = R4 = 100 �
and f = 100 kHz.
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ig. B4. Errors between the calibrated values for R1, R3 calculated from Eq. (B.6)
nd those from Eq. (B.1) as a function of migration D. Initially R1 = R2 = 400 �,
3 = R4 = 100 � and f = 100 kHz.

alues validate not only Eq. (B.5) and (B.6) as formulas for values of
1, R3 after calibration, but also the two assumptions made above
or the simplification of (B.2).

ppendix C. Choice of the resistor values R2 and R4

As noted in Section 3, the operation of the calibration algo-
ithm is much simplified if two of the resistors in the RL bridge are
xed, say R2 and R4. To determine suitable values for these com-
onents, consider the first step in the calibration algorithm which
hooses the resonant frequency of the bridge by setting the func-
ion IMAG = 0. In the simplest case when M = 0 and assuming that
1 = R2 and R3 = R4, the expression for resonance reduces to:

R2 + R4)2 − ω2L1L2 = 0 (C.1)

For f = 100 kHz and L1 = L2 = 800 �H, (R2 + R4) ≈500 �. MATLAB
imulations indicate that even for M /= 0, these typical values
hange very little. Also, due to the effects of the calibration, the
alues are not critical.

Table C1 examines the convergence of the system as a function

f the ratio R1/R3 (=ra) and gross displacement, D. This indicates
hat for a particular value of D there is a shallow minimum in the
umber of iterations required when ra ≈ 4. Since R2 + R4 = 500 �,
e choose R2 = 400 � and R4 = 100 �.

able C1
elationship between the number of iterations required by the calibration process

or convergence and the initial choice of resistors (R1 = R2 and R3 = R4; R1 + R3 = 500 �,
= 100 kHz). The parameter ra = R1/R3. The dependence on gross displacement D is
lso shown.

ra D (mm)

0 1 2 3 4

0.1 1 2 3 3 4
1 1 3 3 3 3
2 1 2 3 3 3
3 1 2 2 3 2
4 1 2 2 2 3
5 1 2 2 2 3
6 1 2 2 3 3
7 1 2 2 3 3
8 1 2 2 3 3
9 1 2 2 3 3

10 1 2 2 3 3
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[

[
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[

[
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