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   Abstract 

 Preservation and recovery of the mechanical leg axis as well 
as good rotational alignment of the prosthesis components 
and well-balanced ligaments are essential for the longevity 
of total knee arthroplasty (TKA). In the framework of the 
OrthoMIT project, the genALIGN system, a new navigated 
implantation approach based on intra-operative force-torque 
measurements, has been developed. With this system, optical 
or magnetic position tracking as well as any fi xation of inva-
sive rigid bodies are no longer necessary. For the alignment of 
the femoral component along the mechanical axis, a sensor-
integrated instrument measures the torques resulting from the 
deviation between the instrument ’ s axis and the mechanical 
axis under manually applied axial compression load. When 
both axes are coaxial, the resulting torques equal zero, and the 
tool axis can be fi xed with respect to the bone. For ligament 
balancing and rotational alignment of the femoral component, 
the genALIGN system comprises a sensor-integrated tibial 
trial inlay measuring the amplitude and application points of 
the forces transferred between femur and tibia. Hereby, the 
impact of ligament tensions on knee joint loads can be deter-
mined over the whole range of motion. First studies with the 
genALIGN system, including a comparison with an imageless 
navigation system, show the feasibility of the concept.  

   Keywords:    axial alignment;   intra-articular force;   intra-
operative load measurement;   ligament balancing;   rotational 
alignment;   total knee arthroplasty.     

  Introduction 

 Even though the longevity of total knee joint prostheses has 
improved over the years, in 2003 still 4 %  of the primary knee 
replacements had to be replaced within 5 years after surgery. 
Revision rates at 10, 15 and 20 years were 9 % , 16 %  and 22 % , 
respectively  [58] . Currently, more than 23,900 revision sur-
geries are performed in Germany per annum  [67] . Moreover, 
total knee arthroplasty (TKA) patients experience a signifi -
cantly poorer functional outcome in comparison to total hip 
arthroplasty patients  [20, 73] . 

 The most common causes of TKA failure are instability, 
malalignment or malpositioning, polyethylene wear, implant 
loosening/migration, patellofemoral complications and infec-
tion  [10, 23, 50, 66] . More than one indication was found in 
32 %  and 64.4 %  of all cases, respectively  [23, 50] . 

 Three factors are associated with prevention of aseptic fail-
ures in TKA: (I) preservation and recovery of the mechanical 
knee joint axis (Mikulicz-line), (II) rotational alignment of 
the femoral component and (III) the ligamentous guidance 
of the knee joint movement. Several authors showed that an 
axial alignment within   ±  3 °  (in some publications   ±  2 °  or   ±  4 ° ) 
of the mechanical axis, and well-balanced ligaments are pre-
requisites for the longevity of the prosthesis, whereas axial 
malalignment and inadequate ligament balancing are associ-
ated with instability, polyethylene wear and implant loosen-
ing/migration  [4, 22, 26, 34, 38, 49, 54, 60] . With regard to 
the rotational alignment of the femoral component, internal 
rotation and also excessive external rotation were found to 
have a negative effect on the outcome of TKA causing, among 
others, fl exion instability and patello-femoral complications 
 [2, 6, 7, 27, 39, 44, 45, 55, 59] . 

  Mechanical axis 

 With regard to the preservation and recovery of the mechani-
cal axis, intramedullary guiding systems are conventionally 
used to align the femoral component. Generally, these sys-
tems are easy to use, and the number of operative steps is 
minimised  [11] . However, even though the alignment using 
an intramedullary system is signifi cantly better than using 
extramedullary alignment systems  [8, 15, 62] , about 10 %  to 
26 %  of all surveyed cases have an angular deviation of more 
than   ±  3 °   [11, 19, 32, 51] . Further disadvantages of the use 
of intramedullary alignment guides include the creation of 
potentially fatal embolic debris caused by the displacement of 
bone marrow due to increased intramedullary pressure during 
rod insertion  [9, 16, 48] . Moreover, the use of an intramedul-
lary rod is impossible in patients with severe angular defor-
mities  [15] . Computer-based implantation systems, such as 
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image-based or image-free systems, signifi cantly improve the 
femoral prostheses alignment  [3, 5, 19, 32, 43, 51, 52, 70] . 
These systems are also qualifi ed for minimally invasive inter-
ventions  [17]  and special cases with strong deformities  [35] . 
However, the high costs for the instruments, the tracking sys-
tem and necessary disposables  [12, 36]  are major drawbacks 
of these technical approaches. Furthermore, the operation 
time is extended by about 14 min (median value) compared 
to the conventional technique causing additional costs  [12] . 
Nowak et al.  [53]  estimated the additional overall costs to be 
US$1500. For image-based systems, time and costs for addi-
tional imaging procedures and increased radiation exposure 
have to be considered. Furthermore, an increased fracture risk 
at the insertion side of the rigid body fi xations has to be taken 
into account  [51] .  

  Rotational alignment 

 Currently, two different approaches to intraoperative rota-
tional alignment are discussed in literature: (1) based on 
anatomical landmarks or (2) based on soft tissue-induced 
joint loading  [69] . For the femoral component, the posterior 
condylar axis (PCA), both anatomical and surgical transepi-
condylar axes (TEA), and the Whiteside line (WL) can be 
used as anatomical references  [30, 56, 69] . However, the use 
of these anatomical landmarks has to be critically discussed 
especially concerning their intra- and inter-observer repro-
ducibility  [31, 61, 74] . Greatest inter- and intraindividual 
variability was found for the Whiteside line, followed by the 
TEA  [71] . Yan et al.  [74]  found the maximum potential errors 
for TEA and Whiteside line to be 13 °  (3 °  internal rotation 
to 10 °  external rotation) and 24 °  (16 °  internal rotation to 8 °  
external rotation), respectively. Additionally, all landmark-
based approaches for the rotational alignment of the femur do 
not consider the condition of the surrounding soft tissue and 
a potentially unbalanced fl exion gap. This may have impli-
cations regarding polyethylene wear, range of motion and 
long-term clinical outcomes  [21] . In contrast, the balanced 
gap technique is based on a controlled resection of the poste-
rior femoral condyles, such that the fl exion gap is rectangular 
 [21] . However, this technique shows a larger variability with 
regard to the deviations from any anatomical reference axis 
 [27, 29] . Up to now, there is no consensus about which of 
these methods is more appropriate to reach the best rotational 
alignment  [30, 69] .  

  Ligament balancing 

 Quantitative intraoperative assessment of soft tissue tension 
is regarded to be essential for an effective ligament-balancing 
procedure. During conventional and navigated TKA, soft tis-
sue tension is estimated by evaluating the tibio-femoral gap 
(difference between medial and lateral gap distance or medial 
and lateral opening angle) under tension or varus/valgus stress. 
Both are applied manually. Generation of tension stress can 
be facilitated using tension jigs, laminar spreaders or spac-
ing blocks inserted into the tibio-femoral gap. However, the 
applied effective load is very variable and to a high degree 

user-dependent. Laminar spreaders with integrated force con-
trol can enable reproducible load application  [68] . Computer-
assisted navigation systems support the assessment of soft 
tissue tension by measuring and displaying the tibio-femoral 
gap widths or angle. Direct verifi cation of the impact of soft 
tissue releases is one advantage of these systems. However, 
both conventional and navigated techniques only estimate 
soft tissue-induced joint loads by applying unphysiological 
loads and thereby elevating the joint line during measure-
ment. Additionally, these methods analyse soft tissue tension 
only in extension and 90 °  fl exion, although knee joint laxity 
may also occur in other fl exion angles. 

 More recently, sensor-integrated ligament-balancing 
instruments have been developed. By means of these mea-
surement systems, loads transferred within the knee joint can 
be determined. Current systems for measuring forces or pres-
sure distributions in the knee joint can be divided into three 
categories: pressure measuring foils  [1, 24, 25, 28, 72] , instru-
mented tibial plateaus or inlays  [13, 14, 33, 46, 47]  and instru-
mented spreader devices  [40 – 42] . For detailed description and 
analysis, see Schmidt et al.  [63] . However, none of these sys-
tems is optimally designed for the ligament-balancing proce-
dure. Crinkling of the pressure-measuring foils on the contact 
surface, the need to calculate resultant forces from discrete 
pressure-measuring points  [24]  and mandatory recalibration 
after sterilisation  [1]  are the main disadvantages of pressure-
measuring foils. Some of the instrumented tibial plateaus and 
inlays are designed for permanent implantation and cannot 
be used for  “ short time ”  ligament balancing. Other systems 
are less accurate  [46, 47]  or result in changed load transfer 
due to geometrical changes of the prosthesis components 
 [13, 14] . Using instrumented spreader devices, the joint is 
loaded unphysiologically and the joint line is elevated during 
measurement as in the conventional procedure. Moreover, the 
measurement of intra-articular forces is not possible over the 
whole range of motion. 

 To conclude, several approaches to solve the three chal-
lenges of TKA have been proposed and partially established in 
clinical routine, however, each having specifi c disadvantages. 
In the framework of the OrthoMIT project, we developed and 
implemented a novel concept for an instrumentation system 
for ligament balancing as well as axial and rotational femo-
ral prosthesis alignment by intraoperative and intra-articular 
force torque measurement.   

  Methods 

  Basic principle 

 Our concept combines two devices to address the three main 
issues described above: The genALIGN approach uses force/
torque sensor (FTS) technology to determine the mechanical 
axis of the femur  [18]  as well as intra-articular load transfer. 

 The basic principle of the genALIGN system for the 
determination of the femoral mechanical axis considers the 
physiological loading condition of the lower limb: a simple, 
rod-shaped mechanical instrument is attached to the distal 
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femur. It is located in the centre of the knee joint, which can 
be easily determined according to Paley  [57] . The surgeon 
applies a compression load F Z  to the instrument in the approx-
imate direction of the hip centre simulating the natural load-
bearing situation (see Figure  1  ). 

 As the connection between the femur and the tip of the 
instrument (in the following referred to as surrogate knee 
joint) allows free rotations about all axes, the system can only 
be in an instable equilibrium under compression load (F Z   >  0), 
if both the mechanical axis of the femur and longitudinal axis 
of the instrument are coaxial, and the surgeon only applies an 
axial force: (F Z , T X , T Y )  =  (F Z,min , 0 Nm, 0 Nm). 

 By measuring the internal forces and torques with a sen-
sor S between the surrogate knee joint and the distal grip, the 
angular deviation of the instrument ’ s axis from the mechani-
cal femur axis can be quantifi ed. If the torques measured equal 
zero, the axes are coaxial. The higher the applied force F Z , the 
more sensitive is the measurement. Preliminary experiments 
have shown that an axial force F Z  of 40 N is suffi cient for good 
measurement results and still manageable for the surgeon. 

 After determination of the femoral mechanical axis, liga-
ment balancing and the femoral rotational alignment have to 
be performed. Based on a direct measurement of joint loads 
and on the balanced gap approach  [29, 69] , these problems can 
be addressed with the sensor-integrated tibial inlay. Optical or 
magnetic position tracking will no longer be necessary. 

 The basic principle of the genALIGN sensor-integrated tibial 
inlay is based on a simplifi ed biomechanical model of the knee 
joint introduced by Crottet et al. in 2005  [13]  (see Figure  2  ). 
This model specifi es the correlation between the forces in the 
medial and lateral collateral ligaments (F LC m , F LC l ) and the 
forces transferred between the femur and tibia at the medial 
and lateral condyles (F m , F l ). 

 These condylar forces are directly associated with insta-
bility, polyethylene wear and subsequent implant loosening/
migration: a too high overall condylar force may result in an 
increased polyethylene wear and subsequent implant loosen-
ing. If the overall condylar force is too low, the joint will be 
unstable after surgery. Unequal loading of the tibial condyles 
can yield joint instability as well as unilateral increased wear. 
By means of an intraoperative measurement of these forces, 
the surgeon can objectively assess the effectiveness of the 
balancing procedure and, if necessary, adjust the ligament 
tensions. 

 The genALIGN tibial inlay separately measures the ampli-
tude and the application point of the forces for each condyle. 

A graphical user interface displays the overall condylar force 
as well as the ratio between medial and lateral contact forces 
and the medial and lateral contact points over the whole range 
of motion. 

 After balancing the ligaments in extension, the knee is 
fl exed to 90 ° , and the condylar forces are measured. The 
correlation between the condylar forces and the amount of 
bone to be resected in the distal femoral cut is used for plan-
ning the rotational alignment. The plausibility of the planned 
rotational alignment can be checked by comparison to the 
anatomical landmarks before cutting. If no signifi cant dis-
crepancies occur, bone cuts are performed corresponding to 
the conventional surgical procedure.  

  Implementation 

 The setup of the fi rst version of the genALIGN tool (Figure  3  ) 
consists of: (A) a ball and socket joint, which can be fi xed to 
the knee centre, (B) a 6 degree-of-freedom FTS (FT-MINI40 
SI-100-5, Schunk GmbH & Co. KG, Lauffen, Germany) and 
(C) a handle at the distal end of the tool. 

 The ball and socket joint enables free pivoting of the device 
around the knee centre being the end point of the assumed 
mechanical axis. In order to be able to freeze the tool axis in 
the correctly aligned position, a blocking mechanism is incor-
porated into the device. The blocking mechanism of the joint 
can be released by pulling the integrated trigger. 

 The FTS measures the force and torques applied at the end 
of the device (F Z , T X , T Y ). The data is transmitted to a com-
puter, providing a visual cross-hair feedback on the actual 

 Figure 1    Basic principle of the genALIGN system illustrated using 
the simplifi ed biomechanical model.    

B

FLC m FLC I

Fm FI

z

x

 Figure 2    Simplifi ed two-dimensional biomechanical model of the 
knee joint in frontal plane (F LC m , F LC l   =  forces in the medial and lat-
eral collateral ligament; F m , F l   =  medial and lateral transferred joint 
forces) according to  [13] .    
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forces and moments with respect to the reference values 
(F Z , T X , T Y )  =  (F Z,min , 0 Nm, 0 Nm) for the compensation of 
resulting torques. The axial force F Z  is displayed as a coloured 
bar being red as long as the minimum force is not yet reached 
and changing to green when the threshold is exceeded. This 
user interface enables the surgeon to intuitively align the 
device. 

 Based on the above-mentioned concept, a fi rst laboratory 
prototype of the genALIGN tibial inlay has been developed 
(see Figure  4  ). In order to ensure a physiological load trans-
fer unaffected by geometrical differences between the mea-
surement device and standard prosthesis components and a 
load measurement throughout the whole range of motion, 
a standard tibial trial component (Columbus T3, B. Braun 
Aesculap, Tuttlingen, Germany) was equipped with load 
measurement cells at the interface to the proximal plate of 
the tibial stem. The load measurement cells were specially 
designed and assembled for this application. Each load cell 
has a measurement range of 0 – 100 N. Medial and lateral sides 
of the inlay are mechanically decoupled to measure the axial 

force for each condyle separately. The anterolateral connec-
tion with microcables enables a measurement without evert-
ing the patella  [14] . Before inserting the custom-made load 
cells into the tibial trial inlay, each load cell was calibrated 
using a spring-loaded piston with an integrated 6 degree-of-
freedom FTS (FT-MINI40 SI-100-5, Schunk GmbH & Co. 
KG, Lauffen, Germany). In addition, the dynamic behaviour 
of the load cells was analysed.  

  Feasibility studies 

 In order to prove the feasibility of our concept, the genALIGN 
system was tested in laboratory setups. Furthermore, the 
genALIGN mechanical leg axis alignment was evaluated in 
a cadaver study by an experienced surgeon. 

 The genALIGN system was initially evaluated in a phan-
tom study with anatomical models (Sawbone AB, Malmö, 
Sweden). These leg models consisted of a pelvis, a femur and 
surrounding soft tissues. An optical tracking system (Polaris, 
NDI, Waterloo, Ontario, Canada) was used as reference. The 
reference of the mechanical axis of the femur was determined 
kinematically by pivoting the femur around the hip  –  corre-
sponding to image-free navigation systems. Both mechanical 
axis of the femur (a) determined by the kinematic approach 
using the optical navigation system and (b) the genALIGN 
system were tracked, and the deviation was calculated. 

 Furthermore, the clinical setup has been simulated in a 
cadaver test. The mechanical axes of both legs of one fresh 
cadaver were repeatedly measured with the genALIGN sys-
tem and compared to the axes determined with the OrthoPilot 
navigation system (B. Braun Aesculap, Tuttlingen, Germany). 
Therefore, both knee joints were opened according to clas-
sical TKA procedures. Subsequently, rigid bodies were fi xed 
to the bones, and all landmarks and kinematic data needed 
for planning and navigation of the prosthesis components 
in the OrthoPilot system were recorded. Afterwards, the 
genALIGN system was attached to the centre of the knee 
joint, and several users determined the mechanical leg axis 
with this system. The instrument axis of the genALIGN sys-
tem was optically tracked using an additional rigid body 

 Figure 3    Overview (A) and close-up (B) of the fi rst laboratory prototype of the genALIGN tool in an experimental setup of a cadaver study 
(note: the optical rigid body is only used in this experimental setup for comparison of the resulting axis with the OrthoPilot navigation system, 
B. Braun Aesculap, Tuttlingen, Germany).    

 Figure 4    Laboratory prototype of the sensorised genALIGN tibial 
inlay.    
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to determine the difference between the OrthoPilot and the 
genALIGN system. For weight compensation, the thigh was 
supported by an elastically mounted strap such that the lower 
leg did not touch the table. 

 The sensor-integrated tibial inlay was tested follow-
ing calibration (a) under linearly increasing compression 
load on a universal materials testing machine (Z020, Zwick 
GmbH & Co. KG, Ulm, Germany) and (b) under approxi-
mated physiological loading conditions on a knee simulator 
(EndoLab GmbH, Thansau/Rosenheim, Germany)  [64, 65] . 
For linear compression load testing, the inlay was placed on 
a planar, polished tibial metal back component (Columbus 
T3, B. Braun Aesculap, Tuttlingen, Germany), and the load 
was applied using a femoral component of the corresponding 
implant. This prosthesis was connected to the movable cross 
head of the machine by a cardan joint to ensure uniform load-
ing of the bicondylar inlay components. Additionally, each 
side of the inlay was tested separately using a sphere instead 
of the femoral prosthesis. For all tests, compression load was 
increased linearly with 100 N/min. The measurement range 
for the complete inlay was 0 – 500 N and 0 – 250 N for each 
side, respectively. 

 In contrast to the one-dimensional compression test with 
idealized loading conditions, the knee simulator tests were 
designed to represent physiological joint load. Mounting of 
the inlay on the tibial side was similar to the compression 
load test. In order to simulate an unbalanced knee, the femoral 
component used for load application was embedded into the 
standard clamping of the simulator with a slight lateral tilt. 
The same procedure is normally used in long-term tests of 
prosthesis components to create a load distribution of 60 %  
medial and 40 %  lateral. After mounting the test inlay, differ-
ent knee joint movements were applied varying axial load 
between 200 N and 500 N, fl exion angle between 0 °  and 60 °  
and torsion between 0 °  and 10 ° . All variations were conducted 
with a speed of 0.1 Hz.   

  Results and discussion 

 The laboratory studies have proven the feasibility of the 
genALIGN concept. The mechanical femoral axis could be 
determined with a deviation of 0.1 °   ±  1.8 °  (mean  ±  std. dev.) 
varus and 0.1 °   ±  1.4 °  anterior slope compared to the optically 
tracked axis. The maximum deviation was 3.0 °  varus and 1.4 °  
anterior slope, respectively. Cadaver tests resulted in an accu-
racy of 2.9 °   ±  1.5 °  valgus and 0.3 °   ±  2.4 °  anterior slope com-
pared to the Mikulicz-line acquired by the optical navigation 
system. However, the maximum deviation was 5 °  varus and 
11 °  anterior slope (due to defi ciencies of the weight compen-
sation mechanism). The results were not user-dependent. The 
system handling turned out to be very intuitive  [18] . 

 The results of the feasibility studies with the fi rst prototype 
of the genALIGN demonstrate that, in general, the mechani-
cal axis of the femur can be correctly determined under labo-
ratory conditions. The results for the varus/valgus alignment 
and for the anterior slope under clinical conditions were prom-
ising. However, the outliers in the measurements, especially 

 Figure 5    Design of the new microcontroller-based version of the 
genALIGN device.    

related to the anterior/posterior slope errors, showed that the 
fi rst laboratory prototype had to be optimized prior to clini-
cal trials. The most important issue for optimization is the 
compensation of the leg ’ s weight (affecting the accuracy of the 
anterior slope). The leg ’ s weight induces an additional torque 
around the medial/lateral axis thus infl uencing the anterior/
posterior slope. For the laboratory study with the lightweight 
sawbones, the sensor was readjusted (tared) to account for the 
leg ’ s weight. However, handling has proven impractical for a 
heavy real leg in the cadaver study, especially in case of high 
BMI, leading to inaccuracies. During the cadaver test, the 
leg was supported by an elastic sling, but the sterile handling 
of this support device might be too cumbersome for clinical 
routine use. Additionally, the elasticity of the sling might 
also be an issue, as it induces a path-dependent force, which 
cannot be fully compensated by readjusting the sensor. There-
fore, a novel leg supporting system has been developed and 
will be evaluated soon. 

 Furthermore, the trigger mechanism and fi xation of the ball 
and socket joint to freeze the mechanical axis position have 
been optimized. Additionally, the required computer equip-
ment and cables for measuring and displaying the forces/
torques (two boxes + laptop) have been eliminated. The new 
microcontroller-based version of the genALIGN device incor-
porates a new low-cost FTS and an integrated small display 
proximate to the sensor (see Figure  5  ). It will be evaluated in 
our upcoming cadaver studies. 

P reliminary tests of the tibial inlay on the universal mate-
rial testing machine (Figure  6  A) showed that the increasing 
compression loads can be correctly measured. Slight devia-
tions from the reference force may be caused by deformation 
of the PE housing (modifi ed standard trial inlay). The load 
distribution between the three sensors of one inlay part indi-
cated that the force application point in extension is very close 
to the line connecting the lateral and the posterior sensor. This 
involves the risk of anterior condylar liftoff especially as 
the contact point between femur and tibia moves posterior in 
fl exion  [37] . 
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 Based on the knee simulator study (Figure 6B), we could 
demonstrate that joint load measurement resulted in plausible 
values over the whole range of motion and for all applied load 
combinations. Figure  7   shows the load on the medial condyle 
for 200 N axial load, variation of fl exion angle between 0 °  and 
60 °  and constant torsion of 0 °  as one example. This record illus-
trates the main limitation of the current design: as indicated in 
the compression load test, a liftoff of the anterior and also the lat-
eral sensor occurred during fl exion (measured forces are close to 
zero). However, we could demonstrate in a fi nite element study 
that the implemented optimisation of the sensor positions can 
prevent this liftoff. The shift in knee joint loads from the anterior 
and lateral sensor to the posterior sensor, representing the move-
ment of the tibial inlay on the tibial stem, is a consequence of 

A B

 Figure 6    Experimental setup for the preliminary tests of the tibial inlay on the universal material testing machine (A) and on the knee 
simulator (B).    
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 Figure 7    Force progression during knee simulator study (200 N 
axial load, variation of fl exion angle between 0 °  and 60 ° , constant 
torsion of 0 ° ).    

the mobile bearing of the tibial inlay on the polished tibial stem 
plate and the slight lateral tilt of the femoral component. This 
shows that the genALIGN tibial inlay could provide additional 
information on intra-articular loading conditions. Moreover, the 
sensorised tibial inlay as such can replace the FTS for the deter-
mination of the mechanical leg axis, thus eliminating one sen-
sor (and the related costs). The evaluation of this  “ streamlined ”  
concept is one objective of our ongoing work.  

  Conclusion 

 In the framework of the OrthoMIT project, we developed a 
new navigated implantation approach based on intra operative 
force-torque measurement. The genALIGN system poten-
tially offers an accurate, simple and low-cost approach for 
mechanical alignment and ligament balancing in TKA, elimi-
nating some of the drawbacks of conventional navigation 
systems (invasive rigid bodies, optical tracking system, com-
puter equipment, costs). It directly addresses and measures the 
parameters of interest  –  forces and moments in the knee. First 
experimental studies have shown that the alignment of the 
femoral component can be performed without intramedullary 
devices and without the need for optical or magnetic track-
ing systems. The sensorised genALIGN tibial inlay enables 
objective measurement of intra-articular forces for ligament 
balancing and rotational alignment. Moreover, soft tissue-
induced joint loads will be taken into account for rotational 
alignment. The laboratory and cadaver tests demonstrated the 
feasibility of the concept as well as the design principle of 
the current devices. We are confi dent that the evaluation of 
the improved new versions of the genALIGN system will 
confi rm the positive results of the feasibility studies.   
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