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Abstract: A preliminary design of customized antibiotic-loaded poly-methyl-methacrylate (ALP-
MMA) spacer characterized by an appropriate footprint according to the specific patient’s anatomy
and a reliable mechanical response to severe functional loads (i.e., level walking and 45° bent knee) is
reported. The targeted virtual prototyping process takes origin from a novel patented 3D geometrical
conceptualization characterized by added customization features and it is validated by a preliminary
FEM-based analysis. Mechanical and thermomechanical properties of the antibiotic-doped ortho-
pedic PMMA cement, which will be used for the future prototype manufacturing, were measured
experimentally by testing samples taken during a real day-running orthopedic surgery and manufac-
tured according to the surgeon protocol. FEM analysis results indicate that small area is subjected to
intensive stresses, validating the proposed geometry from the mechanical point of view, under the
two loading scenarios, moreover the value of safety margins results positive, and this is representa-
tive of the lower stress magnitude compared to the critical material limits. The experimental data
confirm that the presence of antibiotic will last during the surgeon period moreover, the temperature
dependent modulus of the bone cement is slightly affected by the body range temperature whereas
it will drastically drop for higher temperature out the range of interest. A complete customization,
according to a patient anatomy, and the corresponding real prototype spacer will be manufactured
by 3D printing techniques, and it will be validated by destructive testing during the second stage of
this activity before commercialization.

Keywords: spacer; 3D printing; experimental analysis; FEM simulations

1. Introduction

Joint replacement (JR) is a life-improving procedure affecting millions of people
worldwide each year. Successful JR significantly affects the patients’ personal autonomy
and quality of life. Although JRis already a frequently performed procedure, the incidence
rate of prosthesis implantation is expected to continue to rise [1-5]. It is estimated that in
the United States (US), in 2040, the number of primary total hip and total knee replacement
(THR, TKR) will increase of 284% and 401%, respectively [5]. Despite the majority of JR
operations offering pain relief, and potential functional and quality of life improvement, a
minority of patients will require additional surgery as a result of both aseptic and septic
failures [6-8]. The aseptic failure, affecting the 28% of the total JRs, includes loosening
at the bone cement interface, periprosthetic fracture, fracture, wear, implant malposition,
dislocation-instability, or materials fatigue [8]. Prosthetic joint infection (PJI) is defined as
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one of the most devastating complications in the field of orthopedic surgery. Although the
improvements of implant materials, surgical technique and the administration of antibiotic
prophylaxis, the rate of PJI has been increasing [8,9]. In US, the number of hip revisions,
between 2005 and 2030, is estimated to rise by 137%, with a national total cost of USD
753.4 million [10-13]. Furthermore, the estimated national total hospital cost for infected
TKR is projected to be USD 1.1 billion annually. In the United Kingdom (UK), instead,
between 2012 and 2030, demand for hip revision was projected to rise by 31% [14]. At the
hospital level, research has found that reimbursement for revision arthroplasty for PJI does
not meet the cost, suggesting an increased financial burden on treating hospitals [15,16].
Currently, once the local septic failure occurs, the two-stage technique with the use of an
antimicrobial impregnated polymethylmethacrylate (PMMA) spacer represents the best
treatment option with an infection eradication rate that ranges from 85% to 100% [17-19].
Two stage technique consists of two surgical procedures. At time of the first surgical stage,
joint prosthetic implant is removed, and an accurate debridement of all infected tissue is
performed. Subsequently, an antibiotic loaded cement spacer is inserted in joint space. The
second surgical stage, performed after clinical and laboratory have normalized, provides
an additional debridement of the joint space and the implant of revision joint prosthesis
after spacer removal [20].

Antibiotic-loaded PMMA (ALPMMA) spacers aims to preserve anatomical structures,
and joint mobility and to allow infection cure by releasing antibiotics locally. Moreover,
ALPMMA spacer favor the re-implantation of the definitive prosthesis during the second
stage of PJI treatment [20-26]. Typically, mobile spacers have the same geometric shape
of a primary prosthetic implant and may be either preformed or directly prepared in the
operating room using plastic molds. ALPMMA spacers, currently available on the market,
show a series of disadvantages, closely linked to a low propensity to customize, seen as the
ability to adapt to the patients” anatomical characteristics, with consequential increase in
surgical complexity, surgery duration and post-operative complications.

Conventionally, ALPMMA spacers are available only in three or four standard sizes,
with the impossibility to guarantee the perfect matching of ALPMMA spacers with residual
bone (no further bone loss) and gap filling. For these reasons, to obtain a well clinical and
functional results, the surgical procedure necessitates an increased time than joint prosthesis
implantation. The surgical time is correlated to patient’s blood loss [26] and increase in post-
operative complications such as surgical site wound problems and thromboembolic events.
Furthermore, PMMA spacers are correlated to a higher risk of fractures and dislocation.
The addition of antibiotic to PMMA reduces the mechanical properties of bone cement thus
causing breakage.

No studies have been conducted to introduce design guidelines of ALPMMA spacers
as a tool to combine the geometric characteristics of the spacers with its mechanical and
functional properties.

The present paper aims to evaluate the effect of possible customization on the me-
chanical performance in operating and simulated worst loading conditions. The expected
result is a customized ALPMMA spacer that shows not only an appropriate footprint, as
a function of patient’s anatomical behavior but also an adequate response to mechanical
stresses. The paper is organized as follows: the proposed ALPMMA geometric 3D model
is presented describing the customization feature of the model, which is later used for the
FEM numerical simulations.

The spacer material is characterized to acquire the necessary information regarding
the mechanical properties according to medical standard and procedure, ultimately con-
clusions are drawn to pave the way for future optimization studies toward the complete
customization according to the patients.
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2. Material and Methods
2.1. Theoretical Background

Standard ALPMMA spacers are often used during staged revision arthroplasty due to
bio-film-related infection in cases of extensive or asymmetrical bone loss since standard
spacers may not preserve alignment, stability, and anatomical matching, thus causing
failure of the procedure. In the following, a not exhaustive list of drawbacks associated
with the common used ALPMMA spacers are reported, such as: (I) both femoral-tibial
and femoral-patellar instability; (II) the possibility of developing important contractures
in flexion; (III) frailty and subsequent breaking of the implant, especially with high doses
of antibiotic; (IV) the difficulty of managing malalignments on the three planes of space
(frontal, sagittal, and transversal) and bone defects whether segmental or cavitary (affecting
articular surfaces, metaphysis, and diaphysis). The aforementioned weaknesses may be
overcome through the designing of a patient-tailored ALPMMA spacer with specific
features to mitigate the above mentioned drawbacks [27]. The objective is to introduce the
additive manufacturing approach in the orthopedic field as a powerful tool to effectively
manage the PJI. In the customization process, which occurs in two consecutive phases,
such as 3D surgery planning phase and 3D printing, the starting point is represented
by the identification of ALPMMA 3D spacer model. The proposed 3D model has been
designed using Simulink 3D Animation Toolbox environment and it consists of femoral
(Figure 1a) and tibial (Figure 1b) components resembling the geometry of a permanent
artificial knee joint. In particular, Figure 1 refers to a proposed ALPMMA 3D spacer model
in its standard size.
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Figure 1. 3D view of the proposed ALPMMA: (a) femoral and (b) tibial component.

To evaluate the cause-and-effect link between the geometric characteristics of the
ALPMMA spacer along with the surgery and mechanical failures, a multivariable oriented
design was set and implemented. The result is an ALPMMA spacer configuration with
different degrees of freedom in terms of geometrical parameters to act with to manage
efficiently according to the actual patient the alignment, the stability and the anatomical
matching (see Figure 2).
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Figure 2. 3D view of the proposed ALPMMA femoral component: (a) Anterior view, (b) top view and (c) A-P view.

Femoral condyles were shaped on both sides to effectively reduce pressure on the soft
tissue and on anterior patellar. Moreover, to improve sliding and thus reducing the risk of
adverse reactions, such as dislocation and ringing after surgery, it is possible to customize
the shape of the anterior condyle (red curve in Figure 2a) by acting on the parameters
HP and WP that affect its thickness and amplitude, respectively, allowing the patellar
to enter the carriage movement earlier. Additionally, the proposed 3D model allows to
carefully plan the encumbrance of the femoral component both in Antero-Posterior (A-P)
and Medio-Lateral (M-L) size. The objective is to achieve an ALPMMA spacer with an
arbitrary ratio between the A-P and M-L size as effective tool to correct the potential axial
deformations assuring a proper fixation and at the same time, to manage bone defects
properly.

From Figure 2b,c, it is evident how the footprint of the ALPMMA femoral spacer
could be modified by editing the thickness (e.g., D1, D, and Ds), the amplitude of the two
femoral internal condyles (e.g., Apc and Arc) and also the amplitude of cutting segments
(e.g., Aas, Aacs, Aps, Apcs, and Apg) along with corresponding angles (e.g., ¥ac, 9p, Opc,
and 9p). Finally, an augmented ALPMMA femoral spacer is expected to correct severe
bone defects reducing after implantation pain and time of recovery. In Figure 3, an example
of asymmetric augmented ALPMMA femoral spacer is reported.
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Figure 3. 3D view of the proposed augmented ALPMMA femoral component.

The proposed 3D model provides a multitude of degrees of freedom also for the tibial
component. In fact, as shown in Figure 4, the 3D tibial model comprises three different
portions: two Hemi-Plateaus (MHP and LHP) divided by an Intercondylar Tibial Space
(ITSpace) and an Inter-condylar Tibial Surface (ITSurface). Geometrical characteristics,
meant as width and length of both condylar portions are fully editable, and they are
completely independent one from an another. This ALPMMA tibial spacer geometry
results asymmetric and thus more suitable to shape the specific patient’s anatomy leading
to a full customization in terms of geometry for better medical treatment and subsequent
convalesce. The result is an asymmetric ALPMMA tibial spacer that reflects the patient’s
anatomy allowing so it is better positioning on the transversal plane. At the end, also
for the tibial component, it is possible to obtain an augmented ALPMMA tibial spacer to
correct severe bone defects.
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Figure 4. Top view of the proposed ALPMMA tibial component.

2.2. Experimental Characterization

In order to correctly and accurately predict the mechanical behavior of the proposed
geometry, experimental tests are mandatory to retrieve the material properties of the bone
cement. The material considered for the prototype of the proposed spacer is a polymethyl-
methacrylate system loaded with 20% by weight of zirconium dioxide, kindly provided by
Zimmer-Biomet Ltd. (Warsaw, IN, USA) [28]. The antibiotics were mixed by hand with
PMMA copolymer powder at specific percentage and later added to the liquid monomer
to attain the requested antibiotic bone cement (Figure 5). All the tested specimens were
manufactured by casting the material supplied by the surgeon and prepared during daily
orthopedic surgery activity and thus strongly dependent by the acting medical operator. To
increase the antimicrobial spectrum, two antibiotics have been chosen, such as vancomycin
and gentamicin. Two hundred and forty mg of gentamicin (6 mL) (Fisiopharma, Salerno,
Italy) was added to 20 mL of liquid monomer and subsequently mixed with 40 g of cement
powder. Two grams of vancomycin hydrochloride powder (Fisiopharma, Italy) was added
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following thirty seconds of mixing by hand the cement powder with liquid monomer with
gentamicin [21].

I e AN R
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Figure 5. Hand mixed antibiotic cement taken from day surgery activity.

Indeed, literature data on the mechanics of bone cements could not be directly com-
pared, due to the induced variability associated with the preparation, the storage of sample
and also testing conditions. Hence, in this work, compressive and flexural strengths have
been measured experimentally following the recommendation of the ASTM standards,
respectively, F451, D5023, and E831 and laboratory protocol for thermos-gravimetrical
measurements, respectively. These tests were carried out to evaluate, respectively: the
compressive modulus, the temperature dependency of the flexural modulus, the mass loss
and the coefficient of thermal expansion. More in details, the compression modulus has
been measured according to the indication of ASTM F451 on cylindrical shaped specimens;
the effect of the temperature on flexural modulus was determined by Dynamic Mechanical
Analysis according to the ASTM D5023, under three point bending configuration under
force ramp mode. by using a 1 Hz frequency value and an elastic displacement of 40 um
with a temperature rate of 1 °C/min. In addition, a thermogravimetric analysis (TGA)
was carried out, to verify the mass loss as a function of time, at constant temperature (i.e.,
internal body temperature of 37 °C), which can be related to the antibiotic released in the
human body when the spacer is in position and during the normal service period. Finally,
a characterization test was carried out to evaluate the thermal expansion co-efficient of the
material in three different temperature ranges.

3. Result and Discussion
3.1. Compressive Tests

The compressive tests have been carried out according to the standard ASTM F451 on
cylinder shaped specimens with nominal dimension of 12 mm high and 6 mm in diameter
(see Figure 6). For statistical purpose, five different tests were performed taking the set of
samples from the same surgeon supplied mixture.
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(b)

Figure 6. Compression test: (a) initial sample positioning; (b) compressed sample during the test.

The compression stress vs. strain curves are shown in Figure 7. Although the manufac-
turing process of the sample is likely affected by a spread variability due to the contingency
of the surgery event by the medical operator, the curves reveal an appreciable repeatability
with an average modulus of elasticity of ~582 MPa and a failure strength of ~175 MPa.

200

160

Stress (MPa)
g

#1_E = 643.69MPa

#3_E = 418.54MPa
#4_E =523.76MPa
#5_E = 458.22MPa
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Figure 7. Compression test results.

3.2. Dynamic Mechanical Analysis

The three-point bending tests have been performed according to the ASTM D5023 (see
Figure 8). This test procedure is a standard protocol for measuring the dynamic mechanical
properties in flexure loading mode generally for viscoelastic or polymer-based systems.
Rectangular bars cut from molded plates were realized with nominal dimension of 2 x 10
x 60 mm. The mixture was taken from the match used by the surgeon personnel during a
real operation event to account for the induced variability of the “on-site” handling and
the specific medical operator.
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Figure 8. Three-point bending test.

In this work, a DMA Q800 by TA INSTR set with a cooling unit was employed to
perform the experiments. According to the test, a rectangular cross-section bar is placed
on the DMA supports and loaded to achieve a constant elastic displacement (i.e., 40 um)
at 1 Hz frequency and 1 °C/min heating ramp. The considered span-to-thickness ratio
induces a minimization of the shear forces during the flexural deformation and thus the
final modulus can be assumed as the tensile modulus with a very good approximation.

Results indicate a sharp variation of the material stiffness sooner above 40 °C with
a wide glass transition range up to 90 °C, above this temperature the sample completely
deforms reporting a negligible stiffness un the considered displacement. The curve for one
of the tested samples is shown in Figure 9.

3000 r 07
3000

Tan_delta

Storage Modulus - Loss Modulus

30 50 70 20 110 130 150

Temperature (°C)

Figure 9. Material property variation in extended temperature range detailed.

Within the range 34 °C to 41 °C, the bone cement reports an expected linear depen-
dency with the temperature, but this effect is assumed negligible within the range of
medical and diagnosis interest (Figure 9).

3.3. Thermo-Gravimetrical Analysis

Bone cement weight loss as a function of time, at a constant temperature (correspond-
ing to the internal temperature of the human body of 37°) was followed by gravimetrical
analysis. The test was performed on few milligrams of antibiotic bone cement taken from
different location of the casted sample and heated at 1 °C/min under air for 200 min,
corresponding to a time period equivalent to a surgery time frame (see Figure 10).
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The weight variation is very negligible, less than 3%, validating the assumption that
during the progression of the surgery the diffusion depletion of the mixed antibiotic content
is unexpected, and the material will be triggering the drug release by such factors as pH
blood and body location humidity. The initial drop of the curve is reasonably related to the
surface absorption of antibiotic al-most immediately lost by the sample.

100.0

99.9

99.8

Weight (%)

99.7

99.6

998.5 T T T
0 50 100 150 200
Time (min)

Figure 10. Weight loss reduction in air at isothermal temperatures.

3.4. Evaluation of the Coefficient of Thermal Expansion

The analysis of the thermomechanical behavior of the cement spacer was performed
considering different temperature range (Figure 11), respectively, (a) ambient conditions
(i.e., 26-31 °C), (b) body temperature range (i.e., 2742 °C), (c) extended range (i.e., 21—
150 °C). For each monitored curves the coefficient of thermal expansion was computed and
reported along with the glass transition temperature for the extended range.
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Figure 11. The 10 TMA curves, respectively, (a) at room, (b) body and (c) extended temperature
range along with (d) overlay of the curves below the glass transition temperature.
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The TMA results highlight theta the coefficient of thermal expansion is within a narrow
range of variation between the room condition and the higher body range as also confirmed
by the test per-formed within the extended temperature range and the coefficient value
reach an averaged value of 118.9 °mm/°C.

3.5. Simulation Data Analysis and Discussion

In the framework of optimized and customizable design, the use of 3D printing pro-
cess [29,30] is mandatory to produce the joint replacement. This kind of manufacturing
technique, however, requires a series of preliminary structural analyses to verify the resis-
tance of the products when subjected to service loading conditions [31]. Hence, to verify the
joint replacement, numerical analyses have been carried out, by using the mechanical prop-
erties of the antibiotic cement derived from the experimental tests previously described.
The Finite Element Analyses have been carried out in the ABAQUS environment. The
structure has been discretized by using solid elements with a reduced integration scheme
(C3D8R). The Finite Element Model of the joint replacement is shown in Figure 12 [32].

Figure 12. Finite Element Model of the joint replacement.

Two test cases have been considered: level walking (Test Case 1) and 45° bent knee
(Test Case 2). The boundary conditions used to simulate the level walking and the 45° bent
knee test cases are shown in Figures 13 and 14, respectively. According to these figures,
only the surfaces resting on the tibial component have been constrained. To highlight this
aspect, Figures 15 and 16 report photos of the real component in Test Case 1 and Test Case
2 configuration.

Moreover, a 2000 N load, equivalent to the load acting on the knee by a 70 kg walking
man (multi-plied by a factor of about 300%) [33] and oriented in the direction of the tibial
component, has been applied to a reference point, coupled to the surfaces in contact to the
thighbone, as shown in Figures 15 and 16 for the Test Case 1 and Test Case 2, respectively.
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Figure 13. Test Case 1: Boundary conditions.

Figure 14. Test Case 2: Boundary conditions.

Figure 15. Test Case 1: Applied load and coupling constraints.

Figure 16. Test Case 2: Applied load and coupling constraints.
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S, Mises

(Avg: 75%)

- +2.586e+00
+2.371e+00
+2.155e+00

+8.621e-01
+6.466e-01
+4.311e-01
- +2.156e-01
+3.239%-05

S, Mises
(Avg: 75%)

+3.118e+00
+2.858e+00
+2.59%e+00

+2.33%+00

Then, static non-linear analyses have been carried out on each Test Case, to determine
the stress distribution on the component when subjected to the service loading conditions.

In Figures 17 and 18, the results, in terms of von Mises stress and safety margins are
reported for Test Case 1 and Test Case 2, respectively. In particular, the safety margins are
representative of the stress level o respect to the critical stress value of the material oyt
Values of the safety margins lower than 0 indicates that the stress of the structure locally
exceeds the critical value of the stress, while positive safety margins are representative of
values of the stress lower than the critical one. Higher values of the safety margins indicate
higher differences between local and critical stresses. In particular, the safety margin is
computed as [34]:

Safety Margins = % -1 1)

Margine_Stress
(Avg: 75%)
+1.983e+06
- +1.818e+06
+1.653e+06
- +1.488e+06
+1.322e+06
- +1.157e+06
+9.917e+05
+8.264e+05
+6.612e+05
- +4.95%e+05
+3.306e+05
+1.653e+05
+3.861e+01

Y
T

ze+X

Figure 17. Test Case 1: Stress field and safety margins.

Margine_Stress
(Avg: 75%)
+6.983e+05
+6.401e+05
+5.819e+05
- +5.237e+05
+ +4.655e+05
+4.073e+05
+3.491e+05
+2.910e+05
+2.328e+05
+1.746e+05
+1.164e+05
+5.821e+04
+2.345e+01

Y

’
7 ey

Figure 18. Test Case 2: Stress field and safety margins.

According to Figures 17 and 18, the value of the stress for both loading conditions
does not exceed the critical value of the material, which is different orders of magnitude
higher than the local stresses of the structure. Hence, it can be concluded that the spacer is
properly designed, and no criticalities could be experienced during the service.

4. Conclusions

In this work, the customization of the spacer has been assessed, based on the mechan-
ical performance in operating and simulated worst loading conditions. The mechanical
characteristics of the materials of the prototype have been derived by means of experi-
mental test procedures, using the ASTM standards F451, D5023, and E831. Additionally,
thermo-gravimetrical analyses have been carried out to evaluate the weight variation
during the progression of the surgery.

The analyses have demonstrated that the weight loss is very negligible (<3%) for
the considered conditions; moreover, the mechanical performances of the spacer have
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been investigated by means of finite element approaches in two referred loading modes.
The numerical analyses suggested that the spacer is highly over-dimensioned. Actually,
suitable configurations, capable of sustaining safely the service operative conditions, can be
obtained by reducing, in the most critical regions, the thickness up to an order of magnitude.
Indeed, future development could be focused on the size and shape optimization of the
spacer, to reduce its total mass especially in the least stressed regions.
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