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Abstract

To improve the ligament balancing procedure during total knee arthroplasty a force-sensing device to
intraoperatively measure knee joint forces and moments has been developed. It consists of two sensitive
plates, one for each condyle, a tibial base plate and a set of spaces to adapt the device thickness to the
patient-specific tibiofemoral gap. Each sensitive plate is equipped with three deformable bridges
instrumented with thick-film piezoresistive sensors, which allow accurate measurements of the amplitude
and location of the tibiofemoral contact forces. The net varus-valgus moment is then computed to
characterize the ligamentous imbalance. The developed device has a measurement range of 0—500 N and
anintrinsicaccuracyof0.5%fullscale.Experimentaltrialsonaplastic knee joint model and on a cadaver
specimen demonstrated the proper function of the device in situ. The results obtained indicated that the
novel force-sensing device has an appropriate range of measurement and a strong potential to offer useful
quantitative information and effective assistance during the ligament balancing procedure in total knee
arthroplasty.
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1 Introduction

Recent analysis has shown that failure rates of primary total knee arthroplasty (TKA) are 9% at 10 years,
16% at 15 years, and 22% at 20 years [11]. Two common causes of complications after TKA are
component loosening and instability. Surgically controllable factors which influence these problems are
tibiofemoral misalignment and ligamentous imbalance [4], [8]. While current surgical navigation systems
help the surgeon achieve a precise tibiofemoral alignment [5], [7], [12], the ligamentous force balance is
still qualitatively assessed through manual trial movements of the limb. By providing an objective and
quantitative measurement of the forces acting within the knee, the goal is to help the surgeon improve the
accuracy of the ligament balancing procedure, leading to a potentially longer prosthesis lifetime.

A few systems aimed at measuring forces within the knee joint have been reported in the literature. Attfield
et al. [1] developed an electronic surgical instrument which contains two plates, one being attached to the
tibia, the other supporting the femur. The upper plate acts as a mechanical cantilever in the mediolateral
direction and the ligaments are balanced according to the measured inclination of the cantilever, which
depends on the moment applied by the soft tissues. A disadvantage of this instrument is the size of its
handle, which prevents the patella from being kept in its anatomical place during the measurement. Thus,
un- desirable forces are generated by the patella tendon and may lead to a nonoptimal balancing. Wallace et
al. [14] used a dual-array electronic pressure transducer (Tekscan, Inc., Boston, MA). The 10% intrinsic ac-
curacy of the device might be insufficient for such an application and the large number of wires needed by
the pressure sensor arrays for the data acquisition requires an additional arthrotomy. Knee joint pressure
distribution was also measured intraoperatively with Fuji pressure-sensitive films [13]. However, the
accuracy is relatively low and the reading is not available in real-time. In another development, an
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implantable tibial tray was instrumented with four load cells and a passive telemetric transmission system
[3], [6], [9]. Besides the long-term postoperative measurements, the device can be used to intraoperatively
evaluate the contact forces once the trial prosthesis has been installed. Davy et al. [2] reported a similar
concept. Winemaker [15] used a mechanical tensor/balancer device (Stryker Howmedica Osteotonics,
Mahwah, NJ) for 83 consecutive TKAs and concluded that this device provides an accurate and
reproducible way to measure gap differences and angular asymmetry. However, the disadvantage here is
that again, the patella has to be dislocated to perform the measurements.

To overcome these disadvantages, our goal was to develop a small force-sensing device for TKA which
simultaneously provides precise, real-time, quantitative measurements with the patella in its anatomical
place.

2 Methods
2.1 Modeling

In this section, a simplified biomechanical model of the knee joint in the coronal plane is presented in order
to establish the relationship between the ligamentous balance and the tibiofemoral forces. The model
considers the collateral ligament forces Fyr, F11 and the condyle contact forces acting on the tibia Fyc, Fic
(see Fig. 1). The cruciate ligaments and the patella tendon are neglected since their effect is mainly limited

to the sagittal plane. In static conditions, the mechanic equilibrium equations, );; E) = 6, Yi ML) = 6, must be
satisfied, yielding

0=Fw+ FirL - Fyme - Fie (1)
0 =xmuFve — X Fre — xmeFuve + xeFre ()

where x; (i = ML, LL, MC, LC) are the lever arms of the different forces measured from the origin placed at
L/2, L being the distance between the collateral ligaments. With the lever arms of the collateral ligaments
being equal to L/2, (2) transforms to

Moot = xmcFuc - XeeFre = LI2-(Fwe - Fo) 3)

where M, is the net varus-valgus moment of the collateral ligaments acting on the knee joint. When the
tensions in the collateral ligaments are equal (Fy = FLp), the right side of the equation is zero. M, may
therefore be regarded as the parameter characterizing the ligamentous imbalance and reducing it to zero is
equivalent to balancing the ligaments. In conclusion, to assess the ligamentous imbalance, not only the
amplitude of the contact forces Fyc, FLc but also their location must be measured.

2.2 Force Amplitude- and Location-Sensing Device

The proposed force amplitude- and location-sensing device consists of two sensitive plates, one for each
condyle, a tibial base plate, which is fixed by pins, and a set of lateral and medial spaces, which allow the
device thickness to be adapted to the patient-specific tibiofemoral gap (see Fig. 2). Thanks to its small
thickness (6 mm), the entire device fits, after an initial tibial precut, inside the knee joint in the tibiofemoral
gap with the patella in its anatomical place. Consequently, the ligamentous balance assessment can be
carried out at the beginning of the surgery in full extension, at 90° flexion as well as during passive knee
flexions. Performing the assessment of the joint stability at an early stage of the TKA procedure offers the
possibility to make a better plan for the femoral cuts and the femoral component rotation. However, since
deviations from the plan may occur and thereby alter the knee balance, additional measurements and
ligament adjustments may be performed with the trial components in place using a modified version of the
measurement system. With this approach, the first stability assessment made at the beginning of the surgery
allows better planning of the femoral cuts, whereas the second assessment at the end of the surgery allows
fine-tuning of the ligamentous balance.
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Fig. 1. A simplified two-dimensional Fig. 2. The device sensitive plates, each containing three deformable bridges

biomechanical model of a knee joint in the instrumented with thick-film piezoresistive sensors. By measuring the
coronal plane. The forces of the patella reaction forces (R;j) through the deformation of the bridges, the amplitude
tendon and the cruciate ligaments acting and location of the applied loads (F;) can be computed.

mainly in the sagittal plane are neglected;
only the collateral ligament forces (Fyy,
Fy1) and the contact forces (Fyc, Fic) are
taken into account.

Each sensitive plate contains three deformable bridges instrumented with strain gauges (see Fig. 2). The
bridges have been designed to remain in the elastic deformation range for loads of 0—500 N, which offers a
sufficient safety margin, since passive loads acting in the knee joint during the surgery are expected to vary
between 0 and 100 N. Thick-film piezoresistive sensors [10] are used instead of standard bonded metallic
strain gauges, which are space consuming and difficult to sterilize. Applying a load in the sensitive area of
the device deforms the instrumented bridges proportionally to the amplitude of the reaction forces
generated in each bridge pillar (see Fig. 2). The amplitude and location of the applied load can, thus, be
determined from the static equilibrium conditions, Zifl) = 6, Ziﬁi = 6, which for the medial sensitive
plate leads to

Fuvc = Rwi + Rvia + R 4)
xme = (emrRur + v Ruvia + XvarRuia) / (R + Ruvia + Riz) 3)
yme = mrRvt + yme Rviz + ymz'Rmz) / (Rmi + Rvz + Rws) 3)

where Ry, Xmi, Ymi are the amplitudes of the reaction forces and the locations of the bridges respectively
and Ry, Xmc, ymc are the amplitude and location of the applied load respectively. The same (4) hold for the
lateral side after replacement of the index M by L. Knowing the amplitude and the location of each contact
force, we can compute the net varus-valgus moment M, of the collateral ligaments.

2.3 Validation experiments

1) Following a calibration, the intrinsic accuracy of the device was evaluated by loading the sensitive
area with 18 weights ranging from 0 to 500 N, applied at 20 different locations evenly distributed.
The positioning of the tip of the mechanism supporting the weights was controlled by a micrometer
table. The precision of the weights was +0.01 N and the precision of the tip position £0.001 mm.

2) To test the function of the device in situ, the prototype was implanted into a plastic knee joint
equipped with adjustable springs, which simulated the collateral ligaments. The degree of the
ligamentous imbalance was controlled by varying the spring tension. Ten levels of mediolateral
imbalance were compared to the measurements provided by our device.
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3)

The device was finally tested in a cadaver experiment by an experienced surgeon. After a tibial

precut of about 6 mm, the device was installed in the knee gap. In order to verify the consistency
between the device measurements and the surgeon’s perception, the net varus-valgus moment was
measured during a ligament release procedure.

3 Results

Device Measurements [N]

Fig. 3. Comparison between the measured and applied
weights to determine the intrinsic device accuracy. The
minor deviation of the linear regression slope from the ideal
value of 1 demonstrates the linearity and the high accuracy
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The measurements obtained during the accuracy study demonstrated the linearity and the high
accuracy of the system (see Fig. 3). The maximum force amplitude and location errors for the
360 measurements in this experiment were 2.6 N and 0.8 mm, i.e., a relative error of 0.5% full
scale. In the range 0—100 N, the maximum absolute measurement errors were 1.4 N and 0.6
mm. The error contribution of the mechanical set-up being negligible, these measured
deviations characterize the intrinsic accuracy of the device.

In the plastic bone experiment, as expected from the laws of mechanics, a linear relationship
was measured between the net varus-valgus moment M, and the applied spring tensions (see
Fig. 4). The resulting proportionality factor of 46 mm corresponded to the physically measured
lever arm (52 mm) with 13% relative error. This deviation is due to the cumulative effect of the
intrinsic accuracy of the device, the difficulty to precisely set the spring tensions and the play in
the arm of the spring forces.

During the cadaver experiment, the measured contact forces ranged from 40 to 70 N when no
external forces were applied. When the surgeon manually applied varus-valgus loads similar to
those that would be applied during a standard TKA, the maximal contact force reached 350-
400 N. Thus, the measurement range of the device (0-500 N) is appropriate. The surgeon
performed a medial ligament release procedure guided by the device measurements until the
net varus-valgus moment was reduced from an initial imbalance of 1.25 to 0.15 N'-m. The
obtained ligamentous balance was qualitatively consistent with the surgeon’s perception of a
“balanced knee.”
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Fig. 4. Comparison between the net varus-valgus moment of
the contact forces and the spring tension applied during the
plastic knee joint experiment. The expected linear
relationship is experimentally verified and the slope of
46 mm corresponds to the physically measured lever arm
(52 mm) within 13%. Negative (positive) spring tensions
refer to the variation of the medial (lateral) spring.

of the system.
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4 Conclusion

The proposed force-sensing device for improved ligament balancing provides not only the amplitude of the
tibiofemoral contact forces but also their resulting varus-valgus moment, which is, as shown by the
simplified model of the knee, the principal parameter characterizing the collateral ligamentous imbalance.
Unlike other systems reported in the literature, the device offers simultaneously the advantage of real-time
and precise measurements, keeping the patella in its anatomical place and minimal bone resection, which
helps to preserve the joint line. The intrinsic 0.5% full scale accuracy of the device is sufficient for this
application. It is better than that of the Tekscan technology or Fuji pressure-sensitive films (10%) and
comparable to the instrumented tibial tray (1.2%) [3]. With the plastic bone experiment, the proper function
of the device in situ was confirmed. The data acquired during the cadaver experiment demonstrated the
appropriateness of the designed measurement range as well as the consistency between the measurements
and the surgeon’s perception.

The experimental validation of the design described in this paper allows us to conclude that this force
amplitude- and location-sensing device has a strong potential to provide useful quantitative information and
effective assistance during the ligament balancing procedure in TKA. The clinical benefit of the proposed
device will be quantitatively evaluated by comparing both approaches, the standard and the device-assisted,
in a series of in vitro and in vivo experiments.
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