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Abstract—Tibia fractures are often treated by implanting an 
intramedullary nail, a thick-walled titanium metal tube that 
stabilizes the fracture during healing. We investigated 
instrumentation of an intramedullary nail with a wireless SAW 
strain sensor to follow the progress of bone healing by measuring 
strain. An insert was designed and instrumented with a LiNbO3 
surface acoustic wave device. Testing of a prototype inser has 
been performed ex situ. Wireless measurements were used to 
observe changing strain on the insert as mounted into the nail. 
Monitoring fracture healing may facilitate early intervention 
when proper bone healing does not take place. The practicality of 
the design is assessed in view of the constraints imposed by the 
implantation procedure. 
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I.  INTRODUCTION 

Intramedullary nails are implanted surgically to stabilize 
femoral, tibial, and humeral fractures during healing. 
Sometimes, proper bone healing does not take place, resulting 
in malunion or nonunion. It would be useful to be able to 
monitor the bone healing process in situ so that early 
intervention can take place when necessary. In this work, we 
report on the application of wireless SAW sensing for this 
application.  

In the following, we first outline the structure of the 
intramedullary implant and the implanation procedure. We will 
summarize previous work on strain monitoring in tibial nails. 
We then describe the integration of a SAW sensor into an 
insert that can monitor strain along a single axis of a tibial nail. 
This insert satisfies some, but not all, of the constraints 
imposed by the implanation process. Finally, we report on 
construction of a prototype insert and ex situ evaluation.  

II. NAIL IMPLANATATION 

Several types of intramedullary nail are in use or in 
development. The Synthes® (West Chester, PA, USA) nail is 
presently used at the University of Pittsburgh Medical Center. 
This nail is roughly cylindrical and hollow, with an anatomic 
bend and several screw holes at both ends. 

For tibial nail implantation, a knee arthrotomy is made and 
an appropriate starting point for the nail is drilled.  An opening 
cannulated drill is used to widen the opening hole, so that a 
long guidewire 3.2 mm in diameter can be placed into the 
medullary canal.  The medullary canal is then sequentially 
reamed with flexible reamers until a tight diaphyseal fit is 
achieved.  The nail with the standard insertion handle is then 
impacted with a mallet into the tibia over the guidewire.  The 
guide wire is then removed and a varying number of screws are 
placed proximally and distally to lock the implant in place. 

In this paper we describe a flexible insert, suitable for 
placement within the hollow of a tibial nail during the late 
stages of the fracture fixation process, using a SAW device to 
monitor one component of strain. 

III. PRIOR RESEARCH ON INSTRUMENTED NAILS 

A telemetrized femoral nail intended to monitor forces 
during fracture healing was reported bySchneider and co-
authors [1].  They note that the intramedullary nail is subject to 
six independent force conditions at any internal section, 
commonly designated as an axial force, a transverse force in 
each of two planes (anterior-posterior, and medial-lateral), a 
moment in those same two planes, and a moment (torque) 
about the longitudinal axis.  These six independent force 
conditions in a femoral nail were monitored using an implant 
with a hollow segment (16 mm O.D. and 14.2 mm I.D.) 
containing 14 strain gauges and an inductively-coupled 
telemetry system, sealed against contact with body fluids. In a 
single in vivo study in a human subject,  the forces borne by the 
implant during the early postoperative period were monitored 
for a 28-week postoperative period. , 

 Partial weight bearing at 250 N (controlled by a scale) was 
particularly indicative of changes in the implant force during 
the healing process.  That test showed the axial force, initially 
greater than 300 N, and the two transverse moments, to 
diminish in magnitude over the first 8 weeks, indicating 
transfer of forces into the femur as it healed.  The anterior-
posterior moment dropped from roughly 21 N-m at week 3 to 
an average of roughly 6 N-m after week 8, and the medial-
lateral moment dropped from roughly 18 N-m at week 3 to an 
average of roughly 5 N-m after week 8. 



Engineers often characterize a moment that accompanies an 
axial force by an equivalent eccentricity, ranging between 4 cm 
and 6 cm in those earlier tests, which is consistent with 
biomechanics principles.  We subsequently calculated the 
strains in those earlier results to show that the bending strain is 
greater, by an order of magnitude, than the axial strain, which 
is consistent with typical behavior in thin prismatic members.  
Therefore, we initiated our design with the intent of monitoring 
bending strain in the anterior-posterior plane of the tibial nail.   

Wilson and his co-authors [2] developed a single-channel 
intramedullary nail to sense bending strain in the anterior-
posterior plane, and then studied femoral fracture healing in 
sheep.  However, they observed no correlation between 
bending strain and fracture healing, and conclude their article 
with a suggestion that multiple sensors may be required to 
observe the force changes in that application.  This 
inconsistency with the results of Schneider et al. [1] might be 
due to differences in the biomechanics of biped and quadruped 
stance and gait, and to the unavailability of a controlled stance 
with the animal subjects. 

IV. INSTRUMENTED NAIL DESIGN 

A wireless SAW strain sensor is attractive in this 
application due to the simplicity of its design. This is in 
contrast to the instrumented nail designs described above 
which involve active electronics powered from external 
inductive coupling. SAW devices operate at substantially 
higher frequencies where attenuation in muscle and fat tissues 
is significant. This work is directed at the development of a 
wireless SAW design that satisfies some or all of the 
constraints imposed by the implanation process.  

The Synthes® nail is cylindrical and metallic; consequently 
it is necessary to provide for an antenna external to the nail. In 
typical surgical practice the top of the nail is embedded below 
the top of the tibia. As a result there is some space available for 
a protruding antenna. An antenna fabricated from magnesium 
wire is acceptable from a biological point of view because 
magnesium is slowly absorbed by the body without detrimental 
effects [3].  

We were therefore led to a design where the SAW sensor is 
bonded to an insert that is emplaced after insertion of the nail 
and removal of the guide wire but before application of the 
fixating screws. Figure 1 shows the insert design. The SAW 
devices is bonded to the stainless steel insert near the proximal 
end. The antenna wire is led through holes and protrudes from 
the top of the insert. The insert has holes matching the holes in 
the nail. After placing the insert these holes provide for fixation 
as in the usual implantation procedure. There is a separate cap 
that slides over the top of the insert that bears on a bevel inside 
the nail. A small screw can be tightened to tension the insert 
between the bevel and the fixating screw at the bottom. The 
insert is thinned from a circular stainless steel rod to provide 
flexibility and also to concentrate the strain at the SAW device. 
Further strain concentration was achieved for these 
measurements by thinning the insert at the back of the SAW 
device. 

 

Figure 1. Details of the instrumented insert: (a) photograph of an 
intramedullary nail; (b) detailed drawing of the nail with insert inside; (c) 

drawing of the insert alone, showing location of the SAW device and routing 
of the antenna wire; and (d) photograph of the completed insert. 

 

The SAW sensor used in this work was fabricated on a Y-
axis rotated 128o cut lithium niobate wafer 0.5 mm in 

(a)        (b)     (c)     (d) 



thickness. An interdigitated transducer with 50 electrode pairs, 
2 μm lines and spaces, and 50 λ aperture was used as the 
emitter. Reflectors were located on both sides of the emitter at 
distances of 1.56, 3.20, and 3.84 mm. The metallization was 10 
nm of titanium and 100 nm of platinum. This SAW sensor 
operates at approximately 468 MHz. It is important to note that 
this is not the best choice for operating frequency. For this 
application the operating frequency should be chosen as a 
compromise between low frequency (for reduced attenuation in 
fat and muscle tissue) and high frequency (for best strain 
sensitivity). 

The SAW sensor was bonded to the stainless steel insert 
using silver epoxy. One terminal of the emitting electrode was 
connected to the insert by a trace of silver epoxy. As no in vivo 
experiments were planned, the antenna was made using 
enameled copper wire bonded to the second terminal of the 
emitting IDT with silver epoxy. Figure 2 shows a detail of the 
SAW device installed on the insert. 

 
Figure 2. Detail photograph showing the SAW device installed on the insert. 

V. NAIL TESTING 

The SAW sensor was operated in pulse mode where a short 
RF pulse excites the emitting IDT, launching a surface wave. 
The surface wave is reflected by the three reflecting IDTs and 
is reconverted to an electrical signal. The phase difference 
between the exciting pulse and the return pulses is measured 
using a system previously described [4]. In wired mode the 
emitting IDT was connected directly to the measuring 
electronics, while for wireless measurements a dipole antenna 
11 cm from the insert was used.  

Correct operation of the strain-sensing insert was verified 
by using a test jig. The end of the insert closest to the strain 
sensor was fixed against rotation while the other end was 
deflected laterally using a micrometer.  

Figure 3 shows the measured phase changes for stepwise 
end deflection increments of 0.62 mm at 30 sec intervals. In 
this plot the SAW device was in tension. Consistent changes in 
the phase are observed for all three reflections (round-trip times 
of 1.52, 3.08, and 4.76 μs) with good linearity. Similar results 
were obtained with the deflection in the opposite direction, 
placing the SAW device in compression. 

 
Figure 3. Measured phase change as a function of time for ex situ testing of 

the instrumented insert. 
  

Tests of the strain-sensing insert installed in a nail were 
performed ex situ only. The nail with the installed insert were 
placed in a fixture allowing loading in both postiive and 
negative bending.  The bottom (distal end) of the nail was fixed 
and weights were suspended from a lever arm, 0.16 m long, 
attached to the top of the nail.  Bending was in the anterior-
posterior plane, and the SAW device was oriented to 
experience maximum bending strain under that imposed 
curvature.  Beginning with a preload of 0.9 kg, additional 
masses were added and removed at intervals of 60 seconds.  
The maximum load was 3.0 kg, corresponding to a bending 
moment of 4.8 N-m.   

Figure 4 shows the measured phase changes in the SAW 
sensor under both senses of moment, placing the strain sensor 
either in compression and tension. Useful signals were only 
obtained for the first and second reflections. For both 
compression and tension conditions we observe step changes 
correlated with the weight changes. As expected, the phase 
change reverses sign when changing from compression to 
tension, and the phase change for the second reflection is 
roughly twice as large as the first reflection. The magnitude of 
the strain change is different for compression and tension, 
suggesting mechanical slippage in the points of contact 
between the nail and insert.  

These results that successful wireless measurement of 
changing bending strain. However the prototype wireless SAW 
strain sensor we describe here has significant shortcomings. 
The signal strengths we observe are marginal with close 
proximity of the interrogation antenna and with no extra 
attenuation due to body tissues. There is probably significant 
signal loss associated with the connection between the SAW 
device and the external antenna. In addition the antenna could 
not be as long as used in these tests. It is possible that 
improvements could be made by careful control of the 
impedance levels and the provision of some inductive loading 
of the antenna. However this needs to be balanced against the 
substantial RF losses that would be caused by attenuation in 
body tissues.  



 

 

 
Figure 4. Measured phase changes for the first two reflections: (top) SAW 

device in compression and (bottom) SAW device in tension. Loading weights 
are indicated on the plots. 

 

VI. STRAIN TRANSFER 

In this section we consider the effectiveness of strain 
transfer from the nail to the insert and the magnitude of the 
strain sensitivity. Based on the geometry of loading for the 
experiments in Figure 4, the maximum applied moment is 4.8 
N-m. Using the measured cross-sectional properties of the nail 
(OD 8.32 mm, ID 4.67 mm, with an elastic modulus 110 GPa 
for titanium) the maximum applied moment of 4.8 N-m is 
calculated to produce a curvature of 0.216 m-1 and an extreme 
fiber strain of 900 μe.  Using the measured cross-sectional 
properties of the insert (part-circular, radius 2.3 mm, depth 2.0 
mm) that same curvature would produce a strain of 180 μe on 
the fibers where the SAW sensor was mounted.  However, the 
maximum tensile strain extracted from the device 
measurements in Figure 4 is 85 μe, indicating partial strain 
transfer to the sensor.  When tested under a bending moment of 
4.8 N-m, which is considerably smaller than the bending 
moment measured by Schneider et al. [1] in the femoral 
implant,  the partial strain transfer is sufficient to produce a 
usable strain measurement from the flexible insert. 

VII. CONCLUSIONS 

We have reported on the development of a prototype 
wireless SAW strain sensor that can be inserted into a 
intramedullary nail for monitoring the progress of bone 
healing. The implantation process imposes several difficult 
constraints on the design of such an strain sensor. The design 
we report here is compatible with some, but not all of the 
constraints. In particular, additional holes and/ or slots would 

be required to give complete flexibility in the number of 
fixation nails. The strain sensitivity is adequate for the intended 
application. Finally, improvements in the antenna and RF 
design would be necessary to obtain adequate signal strength in 
vivo.  
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