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into 6 muscle forces for the adductor magnus and adductor brevis and 27 muscle forces 
for the other 27 selected muscles. A set of 33 muscle forces were applied to the FE model.

Geometries of the model

The FE model was designed using 3D geometries of the femur, tibia, fibula and patella 
bones and also 3D geometries of the menisci and the articular cartilages present in the 
knee joint. The 3D geometries of the bones were generated from the mesh of a previous 
study [29]. This mesh was developed using the state-of-art procedure of 3D geometry 
acquisition. The data for the procedure were collected using medical computer tomog-
raphy (CT) scanning and magnetic resonance imaging (MRI) on a subject close to a 50th 
percentile male [29]. The FE software package HyperWorks-Radioss (Altair Engineering, 
Inc., Antony, France) was used to generate the geometries of the bones from the existing 
mesh and to manually create the geometries of the soft tissues based on anatomy books. 
The geometry data files were then imported into the Design Modeler of the Release 
16.2 of ANSYS Workbench FE software package (Ansys, Inc., Canonsburg, Pennsylva-
nia, USA) (Fig. 2a). In order to avoid numerical complexities and keep the model linear, 
nonlinear contact was excluded in the modelling. Before loading the model, the differ-
ent parts, bones and soft tissues, were positioned in the selected positions of the stance 
phase. Penetrations between the parts of the model were avoided during the assembling. 
All the surface fractions in contact at the interfaces bone–cartilage, menisci-cartilage 
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Fig. 1 The 5 analysed positions: components of the knee joint contact forces and knee joint flexion angle 
during the gait cycle

Computer model 

Katz AD Bio Med Eng OnLine (2017) 16:138, Heinlein Clin. Biomechanics 2009, 24: 315  

3. Results

All arithmetic means of the minimum and maximum peak com-
ponents from at least 10 trials are summarized in Table 1. If not
mentioned otherwise, all results refer to these mean peak values.
The results for the two subjects are mostly listed in the form {result
of K1L}/{result of K2L}. Except for the data of crutch walking, the
results of subject K1L were obtained 10 months and those of K2L
6 months postoperatively (mpo).

3.1. Level walking with crutches

During the first measurements one week post-operatively
(wpo) the axial compressive forces Fz during 4-point-walking were
!175/!231 %BW for K1L/K2L (Fig. 4a, top). Its magnitude in-
creased with time to !219 %BW in K1L at 4 wpo, but remained
nearly constant with a value of !226 %BW in K2L (3 wpo). From
these points of time on both subjects began to walk without
crutches.

Fig. 3a. Loads during level walking. Single load cycles, subjects K1L (top) and K2L (bottom). Force and moment diagrams (top left), force vectors in three planes with indicated
coordinate system (top right), load values (bottom left), and subject image (bottom right). Black lines in diagrams, black vectors, load values and the image apply for the
instant of maximum resultant force. The instants of heel strike and toe off are marked. Subject K1L: 10 months postoperatively, subject K2L: 6 mpo. Screenshots from videos.
Complete videos see http://www.OrthoLoad.com.

318 B. Heinlein et al. / Clinical Biomechanics 24 (2009) 315–326

In vivo measurements 
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In vivo measurements 

Katz AD Bio Med Eng OnLine (2017) 16:138, Heinlein Clin. Biomechanics 2009, 24: 315  
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Medial femorotibial loading 

5mm	  wedge	   5mm	  insole	   10	  wedge	  

1st	  peak	   -‐2	  (2/-‐6)	   -‐1	  (3/-‐5)	   -‐2	  (2/-‐8)	  

2nd	  peak	   -‐3	  (2/-‐6)	   -‐3	  (1/-‐9)	   -‐4	  (2/-‐11)	  

METHODS
Instrumented Implant
An instrumented tibial tray with telemetric data transmis-
sion (Fig. 1) allows the measurement of three contact forces
and three moments in vivo.28 It is based on the INNEX
FIXUC total knee system (Zimmer GmbH, Winterthur,
Switzerland) with a standard femoral component and a stan-
dard ultra-congruent tibial insert. The tibial component is
modified to enable a slight deformation of the stem which is
measured by six semi-conductor strain gages (KSP 1-350-E4,
Kyowa, Japan). The signals are sensed and transmitted by
an inductively powered telemetry circuit.29 The right-handed
coordinate system of the implant is fixed at the right tibia.
Its origin lies on the extended stem axis at the height of the
lowest part of the tibial insert. The force components þFx,
þFy, and þFz act in lateral, anterior, and superior directions
onto the tibial component. The moments þMx, þMy, and þMz

act in the sagittal, frontal and horizontal plane of the tibia,
and turn right around their belonging axes. Forces are given
as percentage of bodyweight (%BW), moments as %BW times
meter (%BWm). An example of six-component joint loading
during walking is shown in Figure 2.

Medio-Lateral Force Distribution
The total axial force Fz, measured by the instrumented im-
plant, is transferred by the medial and lateral femoral con-
dyles onto the tibia and is therefore the sum of a medial
axial force Fmed and a lateral axial force Flat (Fig. 1). Since
knee movement takes place in a near-sagittal plane, friction
in the frontal plane is negligible. The reasonable assumption
is therefore made that the measured moment My in the

frontal plane (ab/adduction) is solely caused by the (total) ax-
ial force Fz, acting eccentrically to the origin of the coordi-
nate system in medio-lateral direction x. With the known
distance l between the femoral condyles, the medial force
component Fmed can be calculated:

Fmed ¼ #Fz

2
#My

l

During calibration of the instrumented implants it was
tested that Fmed can be calculated with an error below 3% if
Fz is >1,000 N. Values of Fmed were therefore only deter-
mined during the stance phase of gait when Fz was above
this level.

Subjects and Wedges
After obtaining approval of the ethics committee and the sub-
jects’ informed consent, six male subjects with instrumented
knee implants participated in this study (Table 1). About 2
years postoperatively, measurements were taken during
treadmill walking at a constant velocity of 4 km/h. All sub-
jects were free of pain and physically active. Four shoe types
were investigated (Fig. 3):

0 mm—Casual shoe without wedge, used as a reference.
5 mm—Shoe with a laterally wedged sole of 5 mm.
10 mm—Shoe with a laterally wedged sole of 10 mm.
5 mm insole—Shoe with a laterally wedged cork insole of

5 mm.

The external wedges were made of synthetic material
with a shore hardness of 55 and extended along the entire
length of the sole. To achieve a similar stiffness of all shoe
soles, an even sole of the same material was glued under the
reference shoe. Shoes were worn bilaterally in a random
order. After a short adaptation to each shoe ($5 min), meas-
urements of 25–30 gait cycles were taken per subject and
shoe. No advice was given to the subjects. The measurements
were repeated in combination with an ankle stabilizing
orthosis (Malleo Sprint, Otto Bock, Germany).Figure 1. Coordinate system of the instrumented tibial tray.

Figure 2. Forces and moments during walking with the refer-
ence shoe without wedge. Three exemplary gait cycles taken
from subject K5R.

MEDIAL LOAD REDUCTION WITH WEDGES 1911

JOURNAL OF ORTHOPAEDIC RESEARCH DECEMBER 2011
Tibia plateau with  
load cell 

Kutzner I, J Orthop Research 2011, 1910 
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Tibial osteotomy 

Idiopathic Maldeformity Degenerative Malalignment 

primary OA secondary OA dysplasia of the  
femoral condyle 

Valgus deformity Varus-deformity 

deformity of the  
tibia or femur 

PF-maltracking 
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ü    precise correction 
ü    biplanar correction   

ü    ligament balancing 

ü    cancellous bone for the open wedge 

ü   unprecise correction 
ü   uniplanar correction 

ü   laterale ligament laxity 

ü   risk of peroneal nerve damage 

ü   no cancellous bone required 

Open Wedge Osteotomy Closed Wedge Osteotomy 

Tibial osteotomy 
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Osteotomy above the tibial tuberosity 

ü    better bony healing 
ü    ligament balancing 

ü    CAVE patella infera 

ü    demanding in case of  

    conversion to TKA 

ü    proximal part longer 
ü    no influence on the patello- 

     femoral tracking  

ü    delayed bony healing 

Osteotomy below the tibial tuberosity 

Tibial osteotomy 
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Stoffel K et al. KSSTA2007 (3) 

•   proximale open wedge osteotomy            increase in patellofemoral pressure  

•   distal open wedge osteotomy                     no increase of pressure 

CAUTION in patients with patellofemoral OA 

Osteotomy above the 
tibial tuberosity 

Osteotomy below the 
tibial tuberosity 

Tibial osteotomy 
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Mechanical properties of the Implants 

Puddu-‐Platte	   Tomo-ix®-‐PLatte	  
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Mechanical properties of the Implants 

Maximal	  
loading	  (kN)	  

Ver8cal	  	  
S8ffness	  (N/
mm)	  

Lateral	  
S8ffness	  
(N/mm)	  

No	  of	  cycles	  
prior	  to	  failure	  

TomoFix®	  	   1.5	  +	  0.2	   1950+577	   2233+252	   >	  86000	  

PEEK	  Power®	   1.4	  +	  0.2	   2245+468	   2297+184	   >	  73000	  

iBalance®	   1.8	  +	  0.1	   3375+479	   3113+490	   >12500	  

TomoFix®	  small	  	   1.4	  +	  0.3	   1983+184	   1933+330	   >	  80000	  

ContourLock®	   2.2	  +	  0.4	   2367+250	   3133+900	   >	  173000	  

Kaze J of Experiemtal Orthopedics 2015, 2:14 
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Tomofix®	  versus	  Puddu-‐plate®	  

clinical practice, these differences in translations implied a

significantly increased lateralization of the distal tibia
(=X-axis) and a significantly higher subsidence of the tibial

plateau (=Y-axis) after a spacer plate fixation. The increase in

weight bearing in the spacer plate group 6 weeks after sur-
gery was associated with an increase in a lateral shift of the

distal tibia. Between 3 and 24 months after surgery, trans-

lations were below the detection limit of our RSA system and
indicated at least a functional fusion (Fig. 4a, b).

The gradual changes of rotation over time show a sig-

nificant higher increase in dorsal tilt of the tibial plateau
and internal rotation of the tibial plateau after spacer plate

fixation compared to a plate fixator fixation within 6 weeks

after surgery. Again, progressive weight bearing was
associated with an increase in micromotion in the spacer

plate group namely for varus rotation and internal rotation
of the tibial plateau. Between 3 and 24 months after sur-

gery, rotations were below the detection limit of our RSA

system (1!) and indicated at least a functional fusion
(Fig. 5a, b).

No significant group differences were noted for the

translations and rotations along the Z-axis (=anteroposte-
rior translation [mm]/varus-valgus angulation) at any time.

Discussion

The key findings of this study are that early weight bearing
following plate fixator fixation is appropriate and does not

alter the stability of the bone–implant construct. However,

a 6-week delay of weight bearing after spacer plate fixation
seems to be still too short to be recommended since a

significant micromotion is still present within the osteot-

omy site potentially interfering with trabecular bridging
and maintenance of correction.

Early after surgery, RSA data show a higher lateral
translation of the distal tibia and a significantly increased

subsidence, varus and internal rotation of the tibial head in

the spacer plate compared to the plate fixator group. In
addition, weight bearing following spacer plate fixation

Fig. 4 Quantification of
translations between fixated
tibial segments following
opening-wedge high tibial
osteotomy according to
radiostereometric analysis
(RSA) over a 2-year period:
a significantly higher primary
stability was noted in the X-axis
(a, lateral translation of the
distal tibia) and Y-axis
(b, subsidence of the tibial
head) after plate fixator fixation
(group 2) compared to the
spacer plate fixation (group 1,
P \ 0.05; dotted line: RSA
detection limit of 1 mm)

86 Knee Surg Sports Traumatol Arthrosc (2013) 21:82–89
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Pape D, KSSTA 2013 21:82-89 
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Type	  of	  osteotomy	   Return	  to	  work	  
Schröter,	  KSSTA	  2013	   OWHTO	   87	  (14-‐450)	  days	  

Hoell,	  AOTS	  2005	   OWHTO	  
CWHTO	  

90	  weeks	  
88	  weeks	  

REFA classification:  Grade 0: Work without physical strain (desk work) 
     Grade 1: Work with small physical strain (standing, walking) 

     Grade 2: Work with moderate physical strain (stairs, carrying load up to 15 kg) 

     Grade 3: Work with heavily physical strain (carrying load up to 30 kg)  
     Grade 4: Work with most heavily physical strain (carrying load more than 50 kg) 

Schröter S, KSSTA (2012) 21, 213-219 
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Smith TO, Knee (2011), 6: 361-368 

No difference in  Clinical outcome 
    Infection 
    DVT 
    Nerve palsy 
    Non-union  

Meta-analysis of 9 clinical trials (324 OW vs. 324 CW) 

BUT 
Greater tibial slope and mean angle of correction after OW-HTO 
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Spahn G Osteoarthritis and Cartilage (2006), 14 190-195 

OR	   Confidence	  interval	  
History of pain of > 2 years 13.1	   3.8	  -‐	  45.1	  
Preoperative KOOS of > 50 points 12.7	   2.7	  -‐	  58.9	  
Obesity 3.2	   1.2	  -‐	  8.5	  
Smoking 5.3	   1.8	  -‐	  14.9	  
Medial tibial osteophytes 18.7	   5.7	  -‐	  61.7	  
Medial joint space width < 5mm 5.8	   2.1	  -‐	  16.3	  
OA of Grade IV 3.0	   1.9	  -‐	  9.2	  
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Takeuchi R Arthroscopy (2012) 28: 85-94 
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Type I 
Fracture in line with the osteotomy 

Type II 
Fracture distally to the osteotomy 

Type III 
Fracture proximally to the osteotomy and into the tibial plateau 
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Compression screw 

Compression force at the hinge site Type I fracture 
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Type of osteotomy 
 - OWO or CWO 
 - uniplanar or biplanar 

Site of the osteotomy 
 - femur or tibia 
 - above or below the TT 

Concomitant procedures 
 - ACL reconstruction 
 - Meniscal repair 
 - Meniscus transplantation 
 - Cartilage procedures 
  Microfracture 
  Chondorcyte transplantation  

Function of the hinge 
 - intact versus fracture Implant design 
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1. What is your postoperative protocol (length of stay, physiotherapy) ? 
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2. Does the implant or patients weight influences the onset of weightbearing ? 

1. What is your postoperative protocol ? 
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1. What is your postoperative protocol ? 

3. Do you fill the gap with cancellous bone or bone substitutes ? 

2. Does the implant or patients weight influences the onset of weightbearing ? 
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2. Does the implant determine the onset of weightbearing ? 

1. What is your postoperative protocol ? 

3. Do you fill the gap with cancellous bone or bone substitutes ? 

4. Does the amount of correction has an impact on your mobilisation? 
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2. Does the implant determine the onset of weightbearing ? 

1. What is your postoperative protocol ? 

3. Do you fill the gap with cancellous bone or bone substitutes ? 

4. Does the amount of correction has an impact on your mobilisation? 

5. Does a hinge fracture affect your rehabilitation protocol ? 
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