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ARTICLE INFO ABSTRACT

Keywords: Early aseptic loosening following primary total knee arthroplasty related to several factors might appear at the
Loosening knee arthroplasty interface implant-cement or cement-bone. A standardized in vitro model might provide information on the
Micromotion

relevance of single variable parameter of cementation including technique and cement respectively bone
structure on fixation strength. Micromotion measurement using different directions of load should detect the
primary stability of the interfaces.

An open-cell rigid foam model was used for cementation of PFC-Sigma tibial trays with Palacos®. Pins were
applied to the model for continuous non-destructive measurement. Relative micromotions for rotation, valgus-
varus and extension flexion stress were detected at the interfaces as well as cement penetration was measured.

The reproducibility of the measurement could be shown for all interfaces in extension-flexion movements. For
rotation a negative trend was shown for the interface cement-prosthesis and cement-bone concerning varus-
valgus stress reflecting varying surgical cementation technique. More micromotion related to extension-flexion
force might reflect the design of the implant.

Measurement of relative micromotion and cement distribution appear accurate to detect small differences of
movement at different interfaces of cemented tibial implants and the results are reproducible for most parameter.
An increased number of specimens should achieve statistical relevance for all measurements.

Interface cement-bone and implant-cement
Open-cell rigid foam
Cementation technique

1. Introduction variation of bone structure are available [2,3]. The trabecular thickness
and bone volume fraction of open-cell rigid foam is comparable to

Fixation of joint replacements is essential for good long term results human cancellous bone since the main diameter of the cavities varies

of arthroplasties and among other factors the cementing technique is
crucial to prevent early failure [1]. An in vitro model seems useful to
study multiple factors influencing the stability at the interfaces
implant-cement and cement-bone. Human cadaver bone is expensive
and interindividual variation of bone structure should be considered.
The three-dimensional structure of open-cell sawbone resembles human
cancellous bone and different densities corresponding to natural

negligible [4]. Synthetic foams simulate elastic properties of cancellous
bone and related to different shear strength behavior non-destructive
tests should preferred since the mechanic behavior under compression
appears similar [2,5]. Open-cell foam resembles fracture behavior of
human cancellous bone better than solid sawbone [6,7].

Standardized properties of the synthetic foam were developed and
the cell size is not specified (ASTM F1839) [2]. We used open-cell foam
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with a medium density since higher density reduced open-cell porosity
[4]. Measurement of primary stability of implant fixation immediate
after cementation is possible in vitro. Measurement of micromotion al-
lows a non-destructive examination of the interface cement implant and
cement bone (ASTM F2537-06) allowing a more precise analysis of the
mode of failure. Therefore, we measured micromotion at the interfaces
implant to cement and cement to bone related to multidirectional
loading. Micromotion was influenced by density and direction of load
[8]. Pull-out test of tibial trays do not simulate the mechanic load in vivo
and therefore the meaningfulness for clinical implications seems limited
[9,10]. Torsional tests until failure do not measure forces at different
sites of the implant since only the weakest interface fails [11].

The open-cell structure of the foam allows a distribution of cement
comparable with the interconnectivity of human cancellous bone. To
date there is no suitable open-cell artificial bone model for investigation
of cemented tibial implants. This is the first study applying an open-cell
rigid foam model for measurement of micromotion regarding the sta-
bility of cemented tibial trays. An inexpensive standardized in vitro
tibial bone model should be established to test the influence of multiple
factors on the strength of the fixation of implants at different sites. This
might provide further information for improvement of cementation
technique and implant design.

2. Methods
2.1. Tibial endoprosthesis

The tibial component size 1.5 of P.F.C Sigma® fixed bearing endo-
prosthesis (DePuy Synthes, Warsaw, IN, USA) was used. The prosthesis
is coated with a titanium alloy (Ti6Al4V) and is to be anchored with
cement only. Using a 1.9 mm solid carbide high-performance drill
(TiAlNplus, Atorn®, Hahn+Kolb Werkzeuge GmbH, Ludwigsburg,
Germany) a hole was drilled 2 mm below the upper edge of the pros-
thesis in the center of the ventral and lateral side of the plateau for
attachment of measuring pins. An M8 thread was cut into the recess in
the prosthesis intended for the inlay. This thread was used for later
attachment of the measuring lever applying the force loading into the
prosthesis.

2.2. Synthetic bone material

Material parameters of human cancellous bone show a very large
variance [12,13]. Therefore we used an artificial bone model of
open-cell rigid foam bone material with a density of 20 PCF (Sawbones
Europe AB, Malmo, Sweden) which was developed according to the
geometry of the implant. This material corresponds to a density of 0.32
g/cm®, a porosity of 0.21, a compression strength of 1.3 MPa, and a
Young’s modulus of 105 MPa. Sawbone shows a standardized and
relatively low modulus of elasticity, but has similar properties to the
trabecular hip bone, taking into account the localization of the cancel-
lous bone tissue(bone density: 0.35 g/cm?; porosity: 0.69 + 0.1; Young’s
modulus: 116.4 + 86.7 MPa) [6,14]. Available blocks measure 130 mm
x 180 mm x 40 mm and individual blocks with the dimensions 40 mm
(anterior — posterior direction) x 60 mm (medial - lateral direction) x 65
mm (cranial — caudal direction) were cut with a circular saw.

The tibial plateau was milled into the bone foam using the milling
attachment of a 3D printer (Snapmaker 2.0, A350T, Snapmaker,
Shenzhen, China). To simulate the cortical bone and to prevent cement
flowing out of the bone, a synthetic support bandage (Cellacast® Xtra,
Lohmann & Rauscher International GmbH & Co. KG, Rengsdorf, Ger-
many) size 5 cm x 3.6 m was used. To ensure a good bond between the
cast and the bone foam, epoxy resin E45 was mixed with hardener E45
(Martin Pauck Company, Hamburg, Germany) in a 1:1 ratio and applied
thinly to the bone foam using a brush before applying the cast. The
Cellacast® was then immersed in 20 °C water and wrapped around the
bone foam six times and pressing continuously. The protruding edges of
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the cast were ground off creating a flat surface on the tibial plateau
(Fig. 1).

Before implantation the tibial plateau model was clamped in a
specially made centering aid to ensure the implantation template is
congruent with the model. The guide was attached to the model as
closely as possible to ensure reproducibility and axis-correct medullary
canal preparation. The medullary reamer was then used to drill into the
plateau up to the specified mark on the drilling attachment. The rasp
was hammered into the tibial plateau model using the guide device and
the medullary canal was finally prepared (Fig. 2).

The tibial plateau model was then fixed vertically in plaster. Exact
horizontal and vertical alignment was performed using a self-leveling
line laser (Quigo, Bosch, Leinfelden-Echterdingen, Germany) in two
planes (sagittal and transversal) and from two sides (ventral and lateral).

2.3. Bone cement

Palacos® R Bone Cement (Heraeus Medical GmbH, Wehrheim,
Germany) was used. One ampoule (20 ml) of the monomer liquid
component was first poured into the mixing vessel before the whole bag
(40 g) of the polymer powder component was added (start of timing)
and mixed under vacuum for 30 s with the vacuum mixing system Pal-
amix® (Heraeus Medical GmbH, Wehrheim, Germany). The room tem-
perature was kept constant at 19 + 1 °C during cementation.

2.4. Cementation of implant

The Inspekt table blue 20 kN materials testing machine (Hegewald &
Peschke GmbH, Nossen, Germany) was used to implant the prosthesis.
The prosthesis was aligned congruently in the tibia plateau model in
advance and then raised 60 mm proximally with the machine. After 1.5
min the mixed cement was retrogradely applied by an experienced
surgeon into the medullary canal with a cement gun and by hand to the
underside of the prosthetic plateau and to the stem of the prosthesis. The
entire cement quantity was used in each case to standardize the amount
of cement applied. After 3.0 min the implant was guided away to a
distance of 0.1 mm from the tibial plateau with a constant feed speed of
300 mm/min recording the implantation force.

2.5. Computertomographic examination

Computertomographic examination of the models was performed
following hardening of the cement (Siemens Somatom Force). The slice
thickness of the tomograph was 0.3 mm. The digital models were
evaluated with dataviewer (Data Viewer V. 1.5.6.2, Bruker microCT,
Billerica MA, USA). The prosthesis was digitally extracted and the
models were evaluated axially and sagittally. After manually choosing of
an area of interest being equal in size to the bone in the first scan layer
the scans were binarized. The cement with the foam or high-density
elements was represented in the image as white and the air was repre-
sented in the image as black. After the binarization of the models several
metrics were evaluated: total volume of all binarized elements was
calculated (Obj.V), percentage of elements with higher density (white)
in relation to the whole object (Obj.V/TV) were computed and the total
surface area of all connected voxels with higher density were measured
using the marching cubes’ method (Obj.S). The average of all 2D sur-
faces of the higher-density connected voxels was also calculated (Obj.
Pm). The ratio of the 3D volumes of air, which are completely enclosed
within the higher-density structures, to the total volume of the higher-
density elements was computed over the entire region of interest (Po
(D).

To measure the cement penetration into different osseous structures,
the raw images were used and the objects were divided into three re-
gions of interest: anterior-medial, anterior-lateral and posterior. With
the software Infinity the middle of the prosthesis was located consid-
ering the dorsal flange of the prosthesis. Once the middle of the
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Fig. 2. Left: Fixation of the model in custom-made 3D-printed orientation aid and integrated centering device. Right: Medullary canal preparation with
manufacturer-specific surgical instruments.

Fig. 3. Representation of the computertomographic examined areas and representation of the measuring points of the cement penetration.



C. Folsch et al.

prosthesis was found, 4 mm were measured from the posterior part of
the bone in a dorsal direction. From this point and in the caudal direc-
tion, the frontal penetration of the cement (A) was measured. Also, from
the middle of the prosthesis, but starting in the middle of the prosthesis
stem, the maximal distal penetration was measured caudally (D).
Following the geometry of the prosthesis, two other points were deter-
mined, one lateral anterior and another medial anterior. To define these
points the sagittal images were used and thanks to the lateral and medial
flanges of the prosthesis the indicated scan-layer was found to measure
the penetration in these regions. Taking the cement bone surface as a
start position of measurement two points were determined in the middle
of the images. From these points the lateral and medial penetration of
the cement into the bone was established (B and C).

For the measurement of the distally penetration of the prosthesis
around the stem the axial sequence of the scanner was used. The mea-
surement point was defined as the last scan-layer with the prosthetic
stem being completely visible and forming a perfect circle. From this
point and considering the bone axis the cement penetration was
measured in all directions (anterior (P1), lateral (P2), medial (P3), and
dorsal (P4)) (Fig. 3).

2.6. Primary stability analysis

After CT radiological measurement primary stability analysis was
performed. Running parameters taken from Orthoload.com at 4 km/h
were taken as basis. 10% of the maximum torque measured during
running was used to apply torques at the prosthesis (3.5 Nm). This en-
sures that motion of the prosthesis-cement-bone composite is in a non-
destructive range and large enough to measure micromotion.
Measuring pins were attached to the prosthesis-cement-bone composite.
For the cortical bone measurement points (B1/By), this was done by
drilling 4 mm deep into the Cellacast® with a 1.8 mm drill on the dorsal
and medial sides and 5 mm below the lower edge of the prosthesis. To
prepare the cement measuring points (C;/Cy), the Cellacast® was drilled
on the ventral and lateral side, 5 mm below the lower edge of the
prosthesis with a 5.8 mm drill and then drilled 4 mm deep into the
cement with the 1.8 mm drill. The measuring pins were then attached to
the measuring points of the prosthesis (P;/ P5), the cortical bone (B1/ B2)
and the cement (Cy/ Cy) using super glue.

Using an already established non-contact eddy current measurement

lever arm

knee model
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system [15,16] (type NCDT 3010-S2, Micro-Epsilon Messtechnik GmbH
& Co. KG, Ortenburg, Germany) the relative micromotions of the pros-
thesis, the cement and the bone were detected with a resolution of 0.1
um (Fig. 4). For this purpose, the measuring pins were connected one
after the other to an orthogonally aligned aluminum cube. The eddy
current sensors enclosed in a measuring frame were attached to the lever
arm adapter by means of a tripod arm. This point is the reference point.
Subsequently, reaction-free torques about the Z-axis as well as tilting
torques in ventro-dorsal (extension and flexion loading) and
medio-lateral (varus-valgus loading) directions were introduced into the
prosthesis-cement-bone bond via the lever arm.

2.7. Evaluation of relative micromotion

The acquired relative micromotions were evaluated using a
MATLAB-program (version 2020b, The MathWorks, Inc., Natick, MA,
USA) to map the rotation vectors Q— in the form of a hysteresis curve
whose slope corresponds to the normalized rotation angle a in mdeg/
Nm. Taking into account the corresponding radii and distances of the
individual measurement objects from each other, the normalized rela-
tive interface movement between implant, cement mantle and bone can
also be calculated in um/Nm. This could then be used to approximate the
absolute interface movement taking into account actual in vivo loads
[15,16]. This mathematical procedure is not relevant for the evaluation
of this model with regard to its reproducibility.

2.8. Statistics

To validate this model and our method one prosthesis was repeatedly
measured five times. After non-destructive testing, the implant was al-
ways removed from the bone model without damage using an acetone
bath before implantation into a new bone model was done. Implantation
force, relative micromovements and computertomographic parameters,
in particular the cement penetration, were subsequently analyzed for
repeatability using SPSS 29.0 (SPSS Inc., IBM, Chicago, USA). For this
purpose, the Jonckheere-Terpstra trend test was used to investigate
whether repeatable results could be obtained with this model. Possible
correlations between the parameters were analyzed using the Kendall-
Tau test. A p-level < 0.05 was considered statistically significant.
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Fig. 4. Left: The measuring device. Right: The measuring setup more detailed.
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3. Results
3.1. Mechanical parameters

The following table shows the repeated measurements of the im-
plantation forces as well as the data of the primary stability analysis.
Statistical analysis revealed a strong negative trend (p = 0.05; 7 = —0.8)
with repeated measurement for the rotational movement around the Z-
axis between the cement and the prosthesis. The varus-valgus movement
between the cement and bone also showed a strong negative trend (p <
0.05; 7 = —0.8) with repeated measurement (Table 1).

3.2. Radiology results

Table 2 shows the different parameters of the radiological analysis,
which represents the properties of the cement mantle within the bone
model. Only the porosity of the cement showed a strong negative trend
with repeated measurement (p < 0.05; 7 = —0.8).

The measurement results of the cement penetration depth at the
different measuring points did not identify any trends (Table 3).

4. Discussion

Measurement of pull-out force has been used for mechanical testing
of the interface of tibial implant and cement [9,10,17,18] as well as
cement and bone since torsion and compression have also been applied
[11,19]. The mode of measurement was either until failure of the
implant or micromotion was detected using mechanic or optical tech-
niques [19,20,21]. Micromotion at different locations following cyclic
loading of tibial trays in cadaveric bone measured with digital image
correlation had shown deviating results [22,23]. A high resolution
camera system detected different micromotion at the interface cement
and bone related to different areas in postmortal tibiae [23,24]. The
direction of load should resemble the forces expected in vivo and
therefore torsion and valgus-varus stress as well as extension and flexion
seem appropriate. We used 0.32 g/cm® open-cell sawbone resembling
average bone quality and fracture behavior of human cancellous bone
[7]. The average pore size of sawbone ranged from 125 pm to 234 um for
densities between 0.641 g/ cm® and 0.159 g/ cm® [2].

Micromotion was a sensitive parameter to detect torsion differences
related to the design of knee-replacements [8,19,20] and demonstrated
an increase of stability for cementing tibial tray stems [21]. Deviations
of micromotion at different sites of the implant could be detected [19].
Measurement of micromotion could differentiate fixed from unstable
implants since multiple factors influenced the fixation [8]. An in vitro
model should be useful to examine the effect of these factors since the
range of measurements for stable and loose implants is overlapping.
Different fixation techniques of tibial trays mainly related to cementa-
tion revealed deviating results for micromotion [8,25,26]. Therefore,
that method appears useful to study the effect of different implant de-
signs and cementing techniques on implant fixation (ASTM F2537-06)

Table 1
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Table 2
Presentation of cement properties based on various radiology parameters. Pa-
rameters that showed a significant trend are highlighted in gray.

Cement distribution

D Obj.v Obj.V/TV  Obj.S Obj.Pm Po(c)%).
[mm®] [%] [mm?] [mm] [%]

#1 278,923.4 58.5 136,601.4 814.6 20.6

#2 276,970.5 58.8 115,229.2 714.0 22.1

#3 335,149.0 65.1 120,748.1 729.1 19.0

#4 343,272.4 63.4 130,248.1 782.8 18.6

#5 307,265.8 61.7 132,637.7 718.6 18.2

MEAN  308,316.2  61.5 127,092.9  751.8 19.7

SD 30,779.6 2.9 8833.4 44.6 1.6

[8,19,21,25,26].

Measurement of micromotion could detect more motion for
cementless than for cemented tibial trays [27,28]. Micromotion might
show different results for interfaces implant and cement within a range
being defined as clinical stable [23]. Loosening was diagnosed with a
motion of 110 pm and in vitro an interdigitation between cement and
bone allowing less than 1 pm motion could be achieved [23].
Improvement of initial fixation between implant and cement as well as
cement and bone might prolong the longevity of the fixation. Micro-
motion was correlated with interdigitation of cement and bone [23].
Interdigitation of cement and bone diminishes with time [23,24] and
cement degrades [28,29]. Postmortem studies showed a loss of 75%
cement-bone interlock within 10 years [24] pointing out the relevance
of best primary intraoperative fixation.

Only rotational movement around the central axis and the varus and
valgus loading in the implant-cement interface showed a negative trend
(Table 1) also being shown for porosity related to air enclosed in the
cement (Table 2). The impaired reproducibility for that 3 parameter
suggests an influence of the surgical procedure. The vast majority of
variables showed reproducibility of the measurement and this appeared
excellent for the cement distribution (Tables 2, 3). We attribute the
emergence of trends of n = 3 out of a total of n = 24 considered variables
to the small number of cases of n = 5 since a coincidence with the large
number of parameters has to be considered.

Some limitations are naturally related to an in vitro model since
synthetic bone structures cannot reflect the complex morphology and
material properties of human bone. Artificial bone provides more
reproducible and standardized conditions since comparison of results is
simplified and changing single variables is possible in vitro. Clinical
transfer should be considered carefully.

5. Conclusions

This is the first in vitro model allowing physiologic cement distri-
bution due to the open-cell structure of the synthetic bone allowing
better comparison with in vivo situation combined with measurement of
relative micromotion. The open-cell rigid foam model allows repro-
ducible and accurate measurements of relative micromotions between

Repeated measurements of the implantation force and the relative micromotions between the different interfaces considering several loading directions. Parameters

that showed a significant trend are highlighted in gray.

Mechanical parameters
Rotation (Z-Axis) [mdeg/Nm]

Varus-Valgus (X-Axis) [mdeg/Nm]

Extension-Flexion (Y-Axis) [mdeg/Nm]

ID Implantation force ~ Cement- Cement- Prosthesis- Cement- Cement- Prosthesis- Cement- Cement- Prosthesis-
[N] prosthesis bone bone prosthesis bone bone prosthesis bone bone

#1 120.2 3.9 2.6 1.3 2.4 3.7 1.1 1.2 23.1 33.6

#2 152.3 7.4 0.1 7.6 5.9 7.2 1.4 1.5 8.6 7.1

#3 115.8 3.3 2.7 0.6 4.4 2.8 1.6 1.0 21.8 20.9

#4 80.4 2.4 4.2 6.6 3.1 1.7 4.8 0.2 9.9 9.7

#5 111.9 1.0 2.6 3.6 0.8 0.1 0.9 1.0 27.5 26.6

MEAN  116.1 3.6 2.4 3.9 3.3 3.1 2.0 1.0 18.2 19.6

SD 25.6 2.4 1.5 3.1 1.9 2.7 1.6 0.5 8.4 11.2
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Table 3
Presentation of the measurement results of the cement penetration depth.
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Cement penetration

Plateau Stem
D Anterior Lateral Medial Distal Anterior (P1) Lateral (P2) Dorsal (P3) Medial
(P4)
#1 4.7 7.4 6.9 4.4 10.8 13.4 16.6 14.0
#2 13.7 8.2 9.7 3.8 13.3 10.4 14.9 14.2
#3 13.3 4.7 5.5 6.5 16.1 14.0 13.6 16.6
#4 12.9 8.7 7.2 7.6 10.6 14.5 14.8 14.3
#5 14.0 6.1 6.8 3.6 14.3 13.1 14.2 16.4
MEAN 11.7 7.0 7.2 5.2 13.0 13.1 14.8 15.1
SD 3.9 1.6 1.5 1.8 2.3 1.6 1.1 1.3

tibial implant and cement as well as between cement and bone. This
model can be used to study the influence of different factors on
cementation of tibial components of knee endoprostheses nearly
resembling the in vivo situation. Different density foam might resemble
structural changes of the bone structure. The complex interactions of
factors influencing the final quality of fixing the implant favor an
inexpensive und highly reproducible accurate model to examine
changeable factors. The detection of varying loads at different sites of
the tibia implant and the range of micromotions related to directions of
load emphasizes further potential of the new model. A more homoge-
nous distribution of cement might contribute to smaller differences of
micromotions below the implant. This in vitro model should give rele-
vant information to improve the interdigitation between cement and
implant which could optimize cementation techniques. Further
improvement of the primary stability of fixation of cemented tibia im-
plants of knee joint replacements seems important to prolong the
longevity of the implants.
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