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Design, Simulations and Tests of a Novel Force
and Moments Sensor for Instrumented Knee
Implants

Pierre Gasnier, Jean-Yves Burlet, Ramzy Rammouz, Saifeddine Aloui, Sébastien Brulais,
Guillaume Nonglaton, Liz Leconte, Francois Boux de Casson, Guillaume Dardenne and Eric Stindel

Abstract— Objectives: Early identification of mechanical
complications of total knee arthroplasties is of great im-
portance to minimize the complexity and iatrogenicity of
revision surgeries. There is therefore a critical need to use
smart knee implants during intra or postoperative phases.
Nevertheless, these devices are absent from commercial-
ized orthopaedic implants, mainly due to their manufactur-
ing complexity. We report the design, simulations and tests
of a force and moments sensor integrated inside the tibial
tray of a knee implant. Methods: By means of a “tray-pillar-
membrane” arrangement, strain gauges and metal additive
technology, our device facilitates the manufacturing and
assembly steps of the complete system. We used finite
element simulations to optimize the sensor and we com-
pared the simulation results to mechanical measurements
performed on a real instrumented tibial tray. Results: With
a low power acquisition electronics, the measurements
corroborate with simulations for low vertical input forces.
Additionally, we performed ISO fatigue testings and high
force measurements, with a good agreement compared to
simulations but high non-linearities for positions far from
the tray centre. In order to estimate the center of pressure
coordinates and the normal force applied on the tray, we
also implemented a small-size artificial neural network.
Conclusion: This work shows that relevant mechanical
components acting on a tibial tray of a knee implant can be
measured in an easy to assemble, leak-proof and mechan-
ically robust design while offering relevant data usable by
clinicians during the surgical or rehabilitation procedures.
Significance: This work contributes to increase the techno-
logical readiness of smart orthopaedic implants.
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[. INTRODUCTION

VER the past decade, the number of Total Knee Arthro-

plasty (TKA) has doubled in developed countries and
could quadruple by 2030 [1], [2]. This expansion is essentially
due to the ageing of the population, the increase in obesity, but
above all by the increasingly broadened indications towards
young patients with less advanced arthrosis. Globally, a con-
siderably larger increase of TKA among individuals younger
than 65 years, but highly functionally demanding (e.g. running
or playing golf), compared to the other age groups is observed
worldwide [3]. However, the surgical operations carried out at
an early stage can lead to more complications that often require
revision surgery [4]. In addition, these repeated surgeries
are also more expensive, more iatrogenic and require more
rigorous medical monitoring [5]. The primary reasons for
revision arthroplasty are infection, instability, pain, and aseptic
loosening. This is why an optimal surgical procedure, followed
by early identification of postoperative complications [6],
particularly those of a mechanical nature such as instability,
malalignment, bearing surface wear, unbalanced knee, and
tibial insert dissociation, would significantly reduce the need
for revisions [7], [8]. Although the relationship between post-
TKA kinematics and postoperative complications like aseptic
loosening is still an ongoing subject, there is a strong interest
for the evaluation of the knee joint contact forces and moments
after TKA to assess surgical outcomes [9], [10]. For exam-
ple, the knee adduction and flexion moments are important
parameters to quantify the prosthesis loading and could help
recognizing abnormalities in gait pattern to determine adequate
rehabilitation strategies [11]. This is the reason why many
works [12]-[15] have shown their interest in measuring the
femoral contact forces and moments or the location of the
Center of Pressure (CoP) acting on the tibial component of
knee implants, not only for preclinical testing of implants but
also during the intraoperative and postoperative phases.

For over twenty-five years, an important part of the research
works has concentrated on the tibial part of knee implants
more than on distal femoral replacements [16]. Two types of
devices have been studied: i) disposable instrumented tibial
inserts mainly used in intra-operative contexts and ii) tibial
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trays mainly used for the postoperative phase. Our work aims
to address the intraoperative and postoperative phases with an
instrumented tibial tray.

On one side, the clinical benefit of intraoperative disposable
instrumented inserts has already been proven for sensor-
assisted TKA. Indeed, it has been shown [17], [18] that
evaluating the knee joint pressure distribution intraoperatively
is helpful for orthopedic surgeons to fine-tune the implant
positioning and the soft tissue balancing. As an example, the
VERASENSE (OrthoSensor, Inc.), provides numerical values
of the medial and lateral compartmental loads [17]. For its
part, the device of [19] is composed of two sensitive plates
(one for each condyle) containing three deformable bridges
instrumented with thick-film piezoresistive sensors. The device
measures the reaction forces amplitude and estimates the
location of the applied loads. Nevertheless, those devices are
dedicated to intraoperative phases and therefore do not face
the same implantability constraints and mechanical robustness
as long-term implantable medical devices.

In the field of tibial trays, one of the first measurement
concepts was patented in 1993 [20], published in 1996 [21]
and later by the research team of D’Lima and Colwell [22],
[23]. The research team carried out the first in vivo implan-
tation of a wireless instrumented tibial implant in 2004 [13],
[24]. The sensing elements are located in the anteromedial,
anterolateral, posteromedial and posterolateral quadrants, in-
side the tibial tray. The mechanism of transduction is based
on posts deforming four membranes in flexion above which
strain gauges are located. Even though this transducer provides
both the magnitude and the location of the CoP, the four
membranes deform only in the z direction. Consequently, only
the z component of the force is obtained and the devices
could only give an approximate evaluation of the varus—valgus
and flexion-extension moments. Moreover, this tray-centered
integration solution results in i) a thicker tray than a standard
knee prosthesis and ii) a more complex assembly due to
the fact that the gauges are not directly accessible from
the stem where the acquisition electronics is often housed
which complicates the assembly of the overall system. In
2006, D’Lima and Colwell’s research team [12], [14] proposed
another design principle to measure three forces and three
moments from the femur to the tibia. This stem-centered
solution was later taken up by the team led by Bergmann and
its colleagues [15] and is based on a “stem-in-stem” design
which facilitates the connection to the electronics. The femoral
loads on the proximal plate are transferred to a vertical inner
stem inside which semiconductor gauges are glued. Although
this concept enables the measurement of six load components,
the inner and outer stems must be welded together [15] or
assembled using a complex thermal shrink-fit process [12] and
the gauges are glued to the inner wall of the stem. Even though
this contribution was essential for the knowledge of in vivo
knee loading [25], [26], the above mentioned concept seems
complicated and expensive to manufacture and assemble in a
mass market context, limiting its use to biomedical studies
rather than rehabilitation phases. Other interesting attempts
should also be mentioned : in 2011, [27], [28] proposed a
tibial component equipped with four piezoelectric elements

located in the four tibial quadrants, to quantitatively evaluate
the ligamentous balance. However, beyond its complexity of
integration, the ageing and brittleness of piezoelectric elements
when subjected to shocks still need to be studied, particularly
in the context of the knee joint. More recently, [29] repurposed
a commercially available tire pressure sensor with the aim
of reducing the space allocated to the sensors. Unfortunately,
the capacitive pressure transducer, initially dedicated to air
pressure measurements, must be coupled to several mechan-
ical interfaces to adapt the high mechanical input force to
a micrometer-level deformation. While this contribution is
interesting for its multisensor aspect, the current prototype
only allows for the measurement of a single compressive
load, and no proposals for fully integrating this concept have
been made at this time. It should also be mentioned that all
those long-terms implanted devices are facing energy supply
constraints, which are often addressed with wireless power
transmission technologies, and particularly with inductive cou-
pling techniques [30].

Factually, despite the latest advances on the market for
instrumented knee implants [31], forces and moments mea-
surements or magnitude and location of the CoP remain
absent in commercialized orthopaedic implants. From these
observations, arises two research questions :

e Can forces and moments measurements be achieved
through a leak-proof and easy to assemble knee implant
design facilitating the installation of the sensing elements
and their connections to the acquisition electronics?

o How the above mentioned measurements can be con-
verted into values meaningful for clinicians, like the CoP
applied by the femoral condyles on the tibial tray?

Our work addresses these questions by proposing a novel
way to integrate force and moments measurements and vali-
dates its assumptions through finite element simulations cor-
roborated by experimental results on a custom-made instru-
mented knee implant. We should mention that the proposed
sensor is part of a more comprehensive system that also
includes a tibiofemoral angle measurement using accelerom-
eters and an infection detection using pH and temperature
sensors. The entire system is powered by a RFID-based
inductive coupling technology. Section II explains the pro-
posed measurement concept adapted to a knee implant and
the simulation method used to design the sensor. Section III
details the fabrication, assembly and measurement results of
the prototype. In this section, a machine learning method is
also proposed to evaluate the CoP coordinates and the normal
force applied on the tibial tray from the raw values of the
sensor. Section IV provides an interpretation of the results
and a discussion on the relevance of such an approach.

Il. MATERIALS AND METHODS
A. Measurement concept

The proposed measurement concept is inspired from the
”boss—diaphragm structure” initially made in Silicon micro-
fabrication technology [32] and applied for biomedical appli-
cations [33], [34]. This MEMS sensor consists of a suspended
and therefore deformable membrane, which has a rigid pillar
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in its center ensuring the transmission and the amplification of
the forces by means of a lever arm effect. Those sensors are
placed on the back side of the membrane and are mounted in a
double Wheatstone Bridge (WB). When a force is applied on
the pillar, the piezoresistors are then longitudinally compressed
or elongated which electrically unbalances the midpoints of the
WBs. Fig. 1 shows a simulation example of the longitudinal
strain in the x direction for an transverse force F, = 180N
applied at the center (see section II-C). It also depicts the
electrical connection and placement of the double WB at the
back side of the membrane as well as the gauges’ state of
strain in this case.

(not to scale) (not to scale)

I compression I compression
tension tension
Il
Rs
V.
Rg
v, |4
el y Ver v, e

LryL"Ry— Ry R,

=

Longitudinal
strain &, [m.m']

Ry
47

zf—v Rg
y 2

|
IS

—1le

(b)

Fig. 1: a) FEM modeling showing the longitudinal strain of
Ri234 for F, = 180N on the proposed sensor design (see
section II-C) and b) drawings of the boss—diaphragm structure
(bottom view) in the same force case.

For each strain gauge, let ¢; denote the relative variation of
its nominal resistance R; such as §; = ARRi and neglect the
errors due to the transverse sensitivity in the gauges. For a
strain gauge aligned with the x axis (i.e. R 234), J; is then
related to the longitudinal strain €,, by (1):

with K the axial factor of the gauge.

On the electrical side, the voltages V,, V;, V. and Vj
referred to the ground (see Fig. 1b), are related to each
longitudinal strains §; based on the WB configuration:

144y
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From [34], [35], V., V,, V. and V; can be combined to
measure the transverse force (F,) and two shear components
of the force (F, and F) applied on the pillar, by means of
U., Uz and U, given in (3):

Uac:beva
Uy=Va—-V,
U= Vo+ V) — (Vo +Va) 3)

Replacing V,, V;,, V. and V; in (3) by their expressions and
simplifying second-order terms gives:

1

U, = 1(56 + 08 — 07 — 95) Vyes
1

Uy = 1(51 + 03 — 02 — 04)Viey

1
Uz m 7(67 4 83 + 06 + 02 — 04 = 05 = 01 = 08) Ve
“4)

In the case of a transverse force applied at the center (case
of Fig. 1), it can be shown that the positive strains (tension)
are equals 6o = d3 = dg = 67 = I and opposites of the
negative strains (compression) §; = d4 = J5 = dg = —0.
Then, equation (4) simplifies to :

U,~0
U, ~0
U, 228 X Vyey (5)

Then, U, varies proportionally with the strain § due to the
applied transverse force I, while U,, U, are approximately
equal to zero. The same method can by used to measure the
two shear forces I, and [y applied on the pillar along x
or y respectively, through the measurement of U, and U,
respectively. For example, if a force were applied on the pillar
along the z direction only, i.e. a shear force F, creating
a moment about the y axis, o4 would be longitudinally
compressed and Iy 3 would be elongated, whereas Rs5¢ 75
would not be compressed nor elongated. This specific case
would result in U, = U, = 0 and in U, proportional to
F,. The boss-diaphragm structure thus makes it possible to
measure the shear (along = and y) and the transverse (along
z direction) components of a point load applied on the pillar.

B. Application to knee implants

We redesigned and optimized the above-mentioned mea-
surement concept regarding the size and the materials con-
straints of a the tibial tray of a knee implant. For that purpose,
the sensor is composed of a proximal plate receiving the forces
of the femoral condyles (through the polyethylene insert),
linked by a circular pillar to a distal plate resting on the medial
and lateral condyles of the tibia. Instead of piezoresistors, the
WB is composed of eight foil strain gauges which are glued
to the back side of the membrane as depicted in Fig. 2. This
“tray-pillar-membrane” type arrangement enables to measure
the components F, (vertical component of the force), M, and
M, (moments about this 2 and y axis respectively) applied on
the tibial tray. For comparison, a rather similar arrangement
was proposed by [21] inside the tibial tray with the difference
that the four membranes only deform in the z direction, which
does not allow a direct measurement of the moments.

Compared to the state of art, this arrangement offers two
advantages : i) The eight gauges are located on a flat and
easily accessible surface preferably in the same compartment
as the acquisition electronics underneath, which considerably
facilitates the assembly of the complete system. ii) We use
3D printing technology to fabricate the proximal plate, the
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polyethylene insert

proximal plate membrane

pillar

distal plate

z
I
y

Fig. 2: Cross section of the proposed “tray-pillar-membrane”
arrangement in the frontal plane (schematics principle not to
scale)
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pilar and the distal plate within the same element which also
facilitates the assembly. It also helps to provide an hermetic
packaging which is required to protect the implant’s electronic
circuitry and sensors from the harsh environment of the human
body.

To assess the measurement performance of the proposed
concept in a real situation, we proposed a knee implant
design in collaboration with clinicians and orthopedic surgeons
involved in the Followknee project [36]. Fig. 3 shows the 3D
model and parameters of the proposed instrumented tibial knee
implant. The mediolateral (ML) width L, of the implant and
the anteroposterior (AP) length L 4 p of the implant correspond
to the average dimensions of one of the smallest tibial tray
available on the market prostheses.

@
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Fig. 3: 3D model and parameters of the proposed instrumented
knee implant

Due to the design’s complexity and its asymmetry, we per-
formed Finite Elements (FE) simulations of the instrumented
knee implant which are detailed in section II-C.

C. Simulation

Having set the overall parameters of the knee implant
design with clinicians, the appropriate geometric parameters

of the sensor part (membrane, pillar) were optimized by
static analysis with FE simulations in COMSOL Multiphysics.
Table I gives the parameters used for the simulations. Specific
foil strain gauges from Hottinger Bruel & Kjaer have been
selected for reasons of low power consumption thanks to their
high nominal resistance value (Ry = 1k(2) and compactness.
The area of the gauges’s carrier is indeed 2.54 mm X 2.16 mm,
making them compatible with the inner diameter of the
stem. For a fixed membrane size, the gauges placement on
the membrane was determined according to i) the overall
gauge dimensions, set by the carrier’s dimensions to avoid
overlapping and ii) the region which maximizes the stress in
the gauge’s measuring grid in order to optimize the sensitivity
of the sensor. The sensitivity appeared to be optimal when the
gauges %1 458 and IR 36,7 are placed as close as possible to
the inner surface of the stem and at the pillar level respectively.

TABLE |: Parameters used for the design and simulation of
the instrumented knee implant

Symbol | Value Parameter

Ly, | 70mm Medio-Lateral width of the implant

Lap 46 mm Antero-posterior length of the implant

ezt 22 mm Outer diameter of the stem at the level of
the tray

bp 12mm Diameter of the pillar

bdm 18 mm Diameter of the membrane

ed 2.5 mm Thickness of the distal plate

ep 3mm Thickness of the proximal plate

em 2mm Thickness of the membrane

Etot 6 mm Total thickness tibial tray

dRr1 8 mm Distance of R 4,5,8’s centers (measuring
grids) to the membrane’s center

dRa 5.5 mm Distance of R2 3,6,7’s centers (measuring
grids) to the membrane’s center

Secar 2.54mm x| Area of the gauge’s carrier

2.16 mm
Sgria | 1.57mmX| Area of the gauge’s measuring grid
0.79 mm
K 1.97 Axial factor of the gauge
Yrr 110 GPa | Young’s modulus of the material (Ti)

We ran numerous static analyses with 10 transverse loads
F, in 20 N increments up to 180N for each of the 11 chosen
positions on the tibial tray of the implant. The loads were
applied on a g4mm circle. A fixed constraint was set on
the entire bottom area of the distal plate, simulating a perfect
anchoring of the knee implant inside the tibia bone. For each
position and loads values, the uni-axial components of the
strain tensor €, and €,, on the entire membrane surface were
computed. Fig. 4 shows an example of a simulation result in
the case of a 180N load applied at the (0,0) coordinate of
the tray. In Fig. 5, the same load is applied at the (0,20)
coordinate. Fig. 4 and Fig. 5 also shows the €;, and £y, on
the ’x line” (i.e. for y = 0) and "’y line” (i.e. for z = 0)
respectively.

For each simulation run (i.e. for each coordinate and load),
the mean strains €,, and ., of each gauge were computed.
The WB’s voltages V, ; ., were then calculated from (2) and
finally U,, Uy, U, are worked out from (3). For the sake of
paper clarity, the simulation results are exposed in section III
and compared with their corresponding measurement results
on two different test benches.
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Fig. 5: Simulated uni-axial strains €, and ¢, on the back-
side of the membrane for F, =180 N applied at (20, 0)

D. Assembly and fabrication

The tibial tray (proximal and distal plates, pillar) has been
manufactured by Selective Laser Melting technology at SLS
France with an industrial metal 3D printing machine (SLM 125,
SLM solution) with a titanium alloy (Ti6Al4V ELI powder,
Grade 23) proposing a 20 um resolution. The prototype was
then machined (5 Axis CNC) to reduce the tray and mem-
brane’s thicknesses and improve their roughness. The strain
gauges were then installed on the back-side of the membrane
at the specified location by Hottinger Bruel & Kjaer. Fig. 6
shows an assembled prototype with a focus on the membrane.

A X-ray tomography was used to check the structural
integrity of the additively manufactured tibial tray before the
CNC machining step and the membrane’s surface finish. The
cut in the coronal plane (Fig. 7a) shows relatively accurate
dimensional build, but the tomography resolution (45 pm)
was not sufficient to detect possible porosity (which may
be between 1 and 20 um with the SLM used). Nevertheless,
Fig. 7a highlights a slight subsidence of the proximal plate
at its tip which is particularly noticeable in the transverse cut
(Fig. 7b) on the bottom-left. These defects will have an impact
on the measurements performance for high input forces as
detailed afterwards.

[1l. RESULTS
A. Experimental test bench

1) Electronic acquisition system: The acquisition system
used to measure the differential voltages of the WBs is shown

Bottom view

Fig. 6: Pictures of an assembled tibial tray (bottom-left/right),
showing zooms on the membrane (top-right) and on the R,
and R» gauges (top-left)

(a) (b)

Fig. 7: X-ray tomography of the prototype :
coronal plane and in the (b) transverse plane

cuts in the (a)

in Fig. 8a. Targeting a smart orthopedic implant, we proposed
a low power and small size electronics architecture which
is moreover compatible with a RFID system as a wireless
power transfer strategy. For the sake of paper compacity, the
integration developments and the means of power supplying
of the electronics are not described here. As shown in Fig. 8a,
it is based on a 24-bit, delta-sigma analog-to-digital converter
from Texas Instrument (ADS124S08) interfaced with the SPI
peripheral of a microcontroller (STM32L4A6) set at a data
rate of 100 samples per seconds. These two components were
chosen for their compromise between performance, small size
(QFN type packages) and low power consumption in order to
integrate the electronics in the stem right below the membrane.
The WBs are duty-cycled by means of two NMOS transistors
driven by periodic pulses. This pulsed mode enables the WBs
to conduct only during the analog-to-digital conversion (i.e. a
few milliseconds), thus reducing the power consumption of the
acquisition system (Pp,cqn = 4.5mW at 3.3V). The complete
acquisition system fits on a 370 mm? PCB surface which is
compatible with the integration constraints of the stem.

2) Mechanical test benches: We used two mechanical test
benches, a low-force test bench and a high-force test bench.
The low-force mechanical test-bench (Fig. 8b) is a custom
made CNC machine comprising a software-controlled mo-
torized frame moving in the z, y and z directions with a
100 pm accuracy and applying compression up to 180N to
the prototype. The 4 mm finger is coupled to a load cell
(Interface SML-220N) having a non-linearity under 0.05 %FS.
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Fig. 8: a) Schematic of the acquisition system compliant

with integration requirements and b) pictures of the low-force
mechanical test bench
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In the same way as FE simulations, several loads in 20 N
increments were applied vertically on the tray during 20s
for 11 locations. At the same time, the differential voltages
U, Uy, U, were datalogged from the acquisition system
and the real force [, applied by the bench was measured.
The localized load method and the maximum range were
determined by the test bench capacity and the maximum load
it can withstand. A high-force test bench, not allowing an
automated and precise positioning of the load, has also been
used to verify the relevance of the proposed concept for force
amplitudes closer to a human joint (see section III-C).

B. Simulation vs measurements : low-force test bench

The low-force test bench applied ten vertical load values
ranging from O to 180N at each of the 11 positions of the
proximal plate (the same positions as the simulations). For
the measured values, the offsets were nulled when no strain
is applied as if the bridges were balanced. Fig. 9, Fig. 10
and Fig. 11 show the simulated and experimental voltages
of the WBs as a function of the forces and the resultant
moments. Concerning the measured voltage values, it should
be noted that for each position, the entire temporal acquisitions
comprising the 10 successive loads are displayed on the graphs
hence superimposing the measurements at each steady state
load values.

We used standard linear regression techniques to evaluate
the force sensitivity Sp, and moment Sy, and Syry. A
coefficient of determination greater than 0.99 was observed
for all coordinates both on simulations and measurements.
In Table II, one can also note a rather good agreement
between the simulated and measured sensitivities. The average
measured sensitivities are —2.79 x 10~* mV/N.mm, —3.03 x
10~* mV/N.mm and 2.76 x 1072 mV/N for Sarz, Sy and
S, respectively. The observed differences are discussed in
Section IV.

C. Simulation vs measurements : high-force test bench

To verify the relevance of the proposed concept for force
amplitudes closer to a human joint, another mechanical test
bench was used. For that purpose, the high-force test bench
shown in Fig. 12a uses a twin-column compression tester
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measurement (circles) for 5 different application points (ML
positions).
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Fig. 10: Voltages Uy, Uy, U, from FE simulation (crosses)
and measurement (circles) for 3 different application points
(AP positions).

(Mecmesin MultiTest-25i) with a ILC-s 5000N loadcell and
the same @4 mm finger as the above mentioned measurement
results. Vertical loads were applied up to 4.9kN at the (0,0),
(—20.6,—8.6) and (20.6, —8.6) coordinates while monitoring
the test-bench input force. Using linear regression techniques
on U,, a coefficient of determination of 0.85 has been ob-
served on both simulation and measurements. We chose those
coordinates according to the location of the femoral condyles
globally encountered on this implant size. Fig. 13 shows the
results for an input force ramp up to 2.6 kN, highlighting a
probable contact point between the proximal and distal plates
for F, loads above 70N and 110N for the (—20.6, —8.6) and
(20.6, —8.6) coordinates respectively. This aspect is discussed
in section IV.
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and measurement (circles) for 4 different application points

(AM, AL, PM, PL positions)

TABLE Il: Force and moments sensibilities

FE simulations

! measurements vs

Coordinates| Sensitivity Sy, | Sensitivity Sy, | Sensitivity Sr.
( ) [mV/N.mm] [mV/N.mm] [mV/N]
Y (error* vs FEM) (error* vs FEM) | (error* vs FEM)

2.36 x 10—3

©.0) - - (-8.2%)
—2.96 x 104 2.73 x 103

(-20.0) - (-13.2%) (-8.1%)
—3.23x 104 2.71 x 10~3

(-10.0) ) (-5.0%) (-3.9%)
—3.02x10~% 2.87 x 103

(10,0) - (-11.2%) (1.4%)
—3.04 x 104 3.22 x 1073

(20.0) ) (-10.9%) (7.7%)
—2.86 x 10~ 3.40 x 10~3

©0,10) (-14.9%) - (18.1%)
—2.73 x 104 2.04 x 103

(0-10) (-17.3%) - (-26.1%)
(71575 —2.74 x 104 —2.55 x 104 3.29 x 103

ol (-18.5%) (-24.6%) (14.2%)
—2.74 x 10~4 —3.41x 104 3.24 x 1073

(7.5,7.5) (-18.5%) (-1.2%) (12.5%)
—2.97 x 104 —3.11x 10~* 2.38 x 103

(7.5,-75) (-12.0) (-7.7%) (-14.7%)
—2.78 x 10~% —2.92 x 104 2.13 x 103

(7.5-1.5) (-14.7%) (-13.4%) (-23.7%)

* relative error : (Smeas — Sfem)/Sfem

D. Fatigue testings

To integrate the acquisition electronics inside the whole
knee implant, a leak proof biocompatible casing must be
proposed. For that purpose, the tibial baseplate was assembled
with a 3D printed stem (Ti6Al4V ELI powder, 2mm wall
thickness) by laser welding. To prove the mechanical robust-
ness of the assembly (baseplate and stem), fatigue testings
were performed at a subcontractor according to the ISO 14879-
1 standard [37] (see Fig. 12b). Five million cycles were
applied on the medial side at a frequency of 13 Hz with a
sinusoidal load from 90 N to 900 N at coordinate (11.4,23.3).
A 13mm diameter, 6 mm thick ultra-high-molecular-weight
polyethylene spacer was used between the load and the tibial

(b)

Fig. 12: a) High-force test bench (up to 5kN) and b) Fatigue
test bench of the proposed instrumented knee implant (without
electronics) according to the ISO 14879-1 standard.
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Fig. 13: voltages Uy, Uy, U, from FE simulation (crosses) and
measurement (circles) for 3 different application points and a
force ramp up to 2.6 kN (high-force test bench, see Fig. 12a).

baseplate. This assembly passed the tests successfully and
showed no defect.

E. From voltages measurements to data usable by
clinicians

The final objective of this work is to show that the proposed
solution allows to estimate the CoP coordinates (Xcop, Yoor)
as well as the normal force F, applied on the proximal plate of
the tibial tray. This problem can be addressed using machine
learning and Artificial Neural Networks (ANNSs) in particular,
as there are some imperfections in the system, non-linearities
and noise in the transfer function that makes learning more
suitable over a complex analytic solution. ANNs [38] are
generic function approximation tools that have been used
in a variety of signal processing fields. They rely on a set
of data points (inputs and outputs) measured on a specific
system in order to approximate the function that transforms
the inputs to the outputs. It has been shown [39] that, given
a sufficient amount of data, ANNs can learn to approximate
any continuous function provided it has sufficient number of
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neurons as well as a non-linear activation. We defined the CoP
as the weighted center of the pressure on a given surface. We
also neglected tangent forces and focused on estimating only
the force component F, normal to the tibial tray surface. We
used 14192 data points of the setup detailed in section III-
A.2,i.e. 11 known positions and 9 F), values ranging from O to
180 N for each position. A data point corresponds to a group of
six values (U.,Uy, U, x, y and F,) sampled simultaneously.
For this particular data set, 50% of the data points were used
as a training (80%) / validation (20%) set and 50% were
used as a test set. The data was preprocessed by applying a
min/max scaler on both inputs and outputs which accelerates
convergence time and stabilizes the learning process. We used
a feed forward network with a short cut from the output of
the first layer to the input of the last layer, inspired by [40]
with a rectified linear unit activation function on the six first
layers as shown in Fig. 14. This network is small enough to be
implemented on an embedded microcontroller-based system.

EI I Xeopr Yoorr F;
W

= Concatenation

S

&

RS

—
S

SI

[ Dense [ Relu

Fig. 14: Neural Network Architecture

After learning for 500 epochs on the training data, i.e. 500
cycles through the full training data set, with early stopping on
the validation data, the ANN was able to determine both the
CoP as well as the value of F,. Fig. 15 shows a comparison
between the true and the predicted CoP coordinates and F),
values for nine force levels and for the 10 successive test
positions. This figure also shows a zoom on X¢,p for F, =
160N and 180N applied at (7.5, —7.5). On this specific test
set, the root mean squared (RMS) error is around 0.4 mm and
0.3 mm (RMS distance error of 0.7 mm from (0,0)) for X¢,p,
Xeop respectively and 1.7 N for F,, with maximum absolute
errors ranging from 2.3mm and 1.5mm for the positions
(distance error of 2.7 mm from (0,0)) and 7.2 N respectively.
We also observed that the position estimation error is higher
for positions farther from the center of the tray.

IV. DISCUSSION

For low input forces (up to 180 N), there is a rather good
agreement between the FE simulations and the raw measure-
ments with mean absolute errors on sensitivities equal to 16%,
11% and 12.6% for Syrz, Smy and Sp, respectively. These
results are encouraging in view of the potential significant
differences between the simulations and the imperfect man-
ufactured and assembled prototype. However, the prototype
shows notable imperfections : for the same absolute distance
from the tray center, it was observed a stronger variation of
the force sensitivities. This is particularly noticeable for AP
loads (e.g. (0,10) vs (0,-10)), see Fig. 10) than for ML loads
(e.g. (10,0) vs (-10,0), see Fig. 9). Indeed, the sensitivity for
an anterior load is 67% higher than that of the same posterior
load at (£ 10,0) whereas it is 6% higher for a medial load
compared with the same lateral load at (0,+10). This effect,
also visible in simulations to a lesser extent, is due to the

30 ; r r T
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Fig. 15: Specific test set with a comparison between the true
and estimated positions of the CoP (X¢op, Yoop) as well as
the normal force F, for the 10 successive test positions.

non-symmetrical geometry of the implant along the z axis
which changes the anchoring conditions of the x-axis gauges
compared to the y-axis gauges.

The proposed concept was also tested at high input forces
up to 4.9kN without any deterioration. For a 2.3kN ramp
applied in the (0, 0) position, the measurements are very close
to FE simulations. As expected for high input forces applied
far from the centre, the simulations predicted a mechanical
contact between the proximal plate and the distal plate (from
600N) resulting in a high non-linearity (a sudden change
in slope) of the response. Experimentally, this mechanical
contact unfortunately happens at lower input force (70N and
100N for the medial or lateral loads). This is probably due
to the i) initial subsidence of the proximal plate and/or ii) a
residue of powder between the proximal and distal plates at
the end of the additive manufacturing process (see Fig. 7).
The manufacturing process therefore needs to be improved in
order to control the maximum displacement of the tray and
the sensor’s response on the complete input force range and
all positions. The assembly imperfections, the non-symmetry
of the mechanical design and the significant non-linearities of
the prototype fully justify the use of ANNs to locate the CoP
coordinates and the force F, applied on the proximal plate.

We showed that, in spite of the non-linearity of the sensor
particularly far from the tray center, it is possible to use an
ANN-approach to counterbalance the sensor imperfections.
This approach must nevertheless be validated on a larger
number of devices and for other coordinates. However, we
showed that an ANN used with a few but well chosen training
points can be a simple solution to replace a long calibration
phase. Even though the output of the ANN is satisfying, there
are many optimizations that must be studied. As the neural
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architecture is shallow and may be sub-optimal, the most
impactful change would be to apply a more thorough hyper-
parameters optimization of the ANN in order to increase the
accuracy of the output estimation. In any case, this example
shows that ANNs can be used to estimate the magnitude and
the location of the CoP as function of the voltages provided
by our sensor, with low amount of processing power and error.
Concerning, the CoP and force estimation, it is nevertheless
important to note the limitation of our study: the used ANN
was not trained nor tested on high input forces. Efforts must
be made to address this aspect in the future.

Compared to the sensor design presented in [15], our sensor
is currently limited to measuring only one force compo-
nent and two moment components. The absence of lateral
and anterior force measurements is a limitation that could
potentially be addressed by incorporating additional strain
gauges at specific and dedicated positions. For our device,
a solution must also be found to prevent the ingrowth of
connective tissues between the distal and proximal tray that
could potentially lead to measurement errors [41]. This could
be achieved, for example, by using a plastic seal along the
circumference of the proximal tray, similar to the approach
taken by [15]. Another option could be to 3D print a proximal
tray with a thin metal layer that closes the gap while still
allowing for tray movement. But on an engineering aspect, we
claim that the proposed concept could facilitate the assembly
steps of such an instrumented implant compared to former
works for two reasons. Firstly, thanks to the proposed design
and the use of 3D printing technology, the proximal plate, the
distal plate and possibly the stem can be manufactured in a
single fabrication step within the same mechanical element. In
addition, it should be noted that the strain sensors used in this
study are affixed to a flat and easily accessible surface, making
our proposed solution potentially compatible with a more
simple and standard assembly process. For instance, a single
pre-wired gauges block, similar to commercially available
rosette-type elements, could embed the eight gauges and their
output connections and be directly glued onto the membrane’s
surface, thereby simplifying the assembly step even more and
reducing manufacturing variations. For the complete system’s
assembly, the stem underneath has an advantageous shape and
volume to house the electronics and can be easily welded
to build a leak-proof, biocompatible and mechanically robust
casing. A welded assembly (tray and stem) was submitted to
fatigue testings in accordance to the ISO 14879-1 and passed
them successfully, with the aim of increasing the technological
maturity of the proposed integration choices.

The current study has nevertheless certain limitations that
should be highlighted. First, because the reported results reflect
the performance of the proposed approach within the limita-
tions of our test benches (low-force/high-precision and high-
force/low-precision test benches), future endeavors should aim
to expand the experimental scope of our study. This includes
encompassing measurements with a wider range of forces with
improved precision, to provide a more comprehensive under-
standing of the approach’s capabilities and limitations. Another
limitation of our validation method that deserves highlighting
is that the implant was only tested under point load conditions

(a #4mm circle), without considering the application of
distributed forces on the proximal plate. To assess the system’s
accuracy under more realistic loading scenarios, it is crucial
to perform simulations and measurements in conditions closer
to a knee joint, i.e. with 1) a more representative load-bearing
area of the condylar contacts, both in terms of location and
contact areas and ii) by taking the polyethylene insert between
the femoral and tibial elements into account. The impact of
various factors, such as the size, shape, location, direction,
and number of distributed loads applied on the proximal
plate, will further validate the proposed concept for TKA
applications. Finally, although our device has demonstrated
the ability to measure forces and moments, it is important
to acknowledge that its application in identifying post-TKA
complications is not demonstrated in this paper. In future
studies, we plan to conduct a study on cadaveric specimens
with orthopedic surgeons, to evaluate those metrics accom-
panied by tibiofemoral angle measurements. It will allow us
to further investigate this question before potential in vivo
implantation and will potentially open up new possibilities for
research. Regarding the financial and healthcare implications
of the device for patients and healthcare systems, it is too
early to quantify them. These aspects will need to be carefully
examined, particularly with regards to the device’s potential
social impacts, such as its effect on patient outcomes, quality
of life, healthcare costs, and accessibility to knee implant
technology.

V. CONCLUSION

In this work, we proposed a novel way to integrate a force
and moments sensor inside the tibial tray of a knee implant.
The measurement concept and its integration were validated
by means of FE simulations corroborated with experimental
results on a dedicated tibial tray design validated by clinicians
and orthopedic surgeons. The proposed integration facilitates
the manufacturing and assembly steps of the complete sensor
system, including its acquisition electronics. A small-size
ANN trained with a few calibration points was used to estimate
the magnitude and the location of the CoP as function of
the three voltages provided by our sensor with fairly low
amount of error. The ANN will also be able to compensate
the sensor’s non-linearities at high input forces. Since the
key elements (gauges, membrane, pillar) of the sensor are
positioned in the centre of tray, this concept allows to use
the same sensor design inside various patient specific implant
shapes and sizes. This would allow to combine the benefits
of customized total knee replacement techniques and sensor
functions for intraoperative and postoperative contexts, while
offering an easy to manufacture smart knee implant. As a
follow-up, it would be relevant to study the integration of this
concept in other joint implants, like the hip or the shoulder
joints.
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