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Results  The average total tibial force (i.e. sum of 
medial + lateral) ranged from 5 to 116 N. The only sig-
nificant average differences in tibial force between compart-
ments occurred at 0° of flexion (29 N, p = 0.0008). The con-
tact locations in both compartments translated posteriorly 
in all thirteen kinematically aligned TKAs by an average of 
14 mm (p < 0.0001) and 18 mm (p < 0.0001) in the medial 
and lateral compartments, respectively, from 0° to 120° of 
flexion.
Conclusions  After kinematically aligned TKA, average 
total tibial forces due to the soft tissue restraints were lim-
ited to 116 N, average differences in tibial forces between 
compartments were limited to 29 N, and a net posterior 
translation of the tibial contact locations was observed in 
all kinematically aligned TKAs during passive flexion from 
0° to 120°, which are similar to what has been measured pre-
viously in native knees. While confirmation in vivo is war-
ranted, these findings give surgeons who perform kinemati-
cally aligned TKA confidence that the alignment method 
and surgical technique limit high tibial forces, differences in 
tibial forces between compartments, and anterior translation 
of the tibial contact locations during passive flexion.

Keywords  Tibiofemoral joint · Tibial force sensor · Intra-
articular load · Anterior sliding · Kinematic alignment · 
Contact force imbalance · Soft tissue balancing

Introduction

The goal of kinematically aligned (KA) TKA is to closely 
restore knee function to native. To achieve this goal, the 
femoral and tibial components are aligned to restore both 
the native joint lines (i.e. distal and posterior femoral and 
proximal tibial joint lines) and the native alignments of 

Abstract 
Purpose  Following total knee arthroplasty (TKA), high 
tibial forces, large differences in tibial forces between the 
medial and lateral compartments, and anterior translation of 
the contact locations of the femoral component on the tibial 
component during passive flexion indicate abnormal knee 
function. Because the goal of kinematically aligned TKA is 
to restore native knee function without soft tissue release, 
the objectives were to determine how well kinematically 
aligned TKA limits high tibial forces, differences in tibial 
forces between compartments, and anterior translation of 
the contact locations of the femoral component on the tibial 
component during passive flexion.
Methods  Using cruciate retaining components, kinemati-
cally aligned TKA was performed on thirteen human cadav-
eric knee specimens with use of manual instruments without 
soft tissue release. The tibial forces and tibial contact loca-
tions were measured in both the medial and lateral compart-
ments from 0° to 120° of passive flexion using a custom 
tibial force sensor.
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the limb and knee [26] (Fig. 1). Consequently, soft tis-
sue releases are largely avoided [13, 24, 26, 28]. During 
passive flexion, knee function is determined by the inter-
action between the articular surfaces and the soft tissue 
restraints [10, 57, 58]. Thus, by striving to both restore the 
native joint lines and avoid soft tissue releases, KA TKA 
should closely restore to native three important metrics of 
knee function: the tibial forces, differences in tibial forces 
between the medial and lateral compartments, and native 
tibial contact kinematics (i.e. anterior–posterior translation 
of the contact locations of the femur on the tibia during 
flexion).

The total tibial forces, differences in tibial forces, and 
tibial contact kinematics have been measured previously in 
the native knee [31, 40, 52]. In the native knee, the tibial 
forces during passive flexion are low and are greatest in 
extension and decrease with knee flexion [52]. This pat-
tern agrees with the pattern that can be inferred from the 
distraction laxity throughout flexion [46, 49] and tension in 
the ligaments that are highest in extension where a major-
ity of the soft tissue restraints are most tight and lower in 
flexion where most of the soft tissue restraints become less 
tight [1, 2, 9, 17, 23]. Although there is variability from 
knee to knee, the differences between tibial forces in the 
medial and lateral compartments are small (i.e. balanced), 
and the medial force is generally greater than the lateral 
force [52]. This pattern agrees with the pattern that can be 
inferred from the laxities of the native knee where there is 
varus, valgus, and distraction laxity throughout the full arc 

of flexion [46, 49] indicating that neither compartment is 
overly tight compared to the other. Furthermore, the varus 
laxity is greater than the valgus laxity [46, 49], indicat-
ing that the medial compartment is tighter than the lateral 
compartment. In the native knee, the tibial contact loca-
tions in both the medial and lateral compartments translate 
posteriorly, lateral more than medial, during passive flexion 
[31, 40].

Although high patient satisfaction and high function have 
been reported at 6 months to 6 years after KA TKA [13, 
14, 27], no study has determined whether KA TKA limits 
high tibial forces, differences in tibial forces between com-
partments, and anterior translation of the contact locations 
during passive flexion. Accordingly, the purposes of this 
cadaveric study were to characterize the total tibial forces 
(i.e. sum of the medial and lateral tibial forces), the dif-
ferences in tibial forces between compartments, and the 
anterior–posterior translation of the tibial contact locations 
during passive flexion after KA TKA. Because KA TKA 
should restore the native joint lines while avoiding soft tissue 
releases, the hypotheses were that KA TKA would restore 
native knee function by limiting high tibial forces, differ-
ences in tibial forces between compartments, and anterior 
translation of the contact locations during passive flexion. 
If these hypotheses are supported, then these results would 
both provide an explanation for high patient satisfaction and 
high function after KA TKA [13, 14, 27] and motivate future 
clinical studies of tibial forces and contact kinematics after 
KA TKA.

Fig. 1   Composite explains the 
desired alignment of both the 
femoral component (top row) in 
flexion–extension (F–E), varus–
valgus (V–V), internal–external 
rotation (I–E), proximal–distal 
(P–D), and anterior–posterior 
(A–P) and the tibial component 
(bottom row) in F–E, V–V, I–E, 
and P–D after kinematically 
aligned TKA. Each solid orange 
line represents the alignment 
target, and each dashed black 
line represents the feature of the 
component being aligned to the 
alignment target. Not shown are 
the medial–lateral position of 
the femoral component, which 
is set visually by the surgeon as 
to centre the component on the 
femur and the medial–lateral 
and A–P positions of the tibial 
component, which are set to 
minimize overhang (color figure 
online)
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Materials and methods

Fifty fresh-frozen human cadaveric knees were considered 
for inclusion. Each knee, which was procured through either 
the Donated Bodies Program at the University of California, 
Davis or Science Care Inc., was screened using an anter-
oposterior radiograph of the knee and a visual inspection of 
the articular surfaces. Thirty-seven specimens were excluded 
because of evidence of degenerative joint disease (i.e. mar-
ginal osteophytes, joint space narrowing, chondrocalcino-
sis, subchondral sclerosis, and/or cartilage lesions) and/or 
evidence of previous surgery to the knee. Thus, thirteen 
fresh-frozen human cadaveric knees were included (median 
age = 78 years, range 58–93 years).

As described in the following paragraphs, the in vitro set-
up was designed so that the results of this cadaveric study 
would translate to the clinical realm. Briefly, each knee was 
carefully dissected to minimize disruption of the passive 
restraints of the knee. A six degree-of-freedom load appli-
cation system [5] was used to flex and extend the knee so 
that non-physiologic constraints were not applied to the 
joint. This system is representative of a clinician flexing 
and extending the knee while supporting the weight of the 
femur and tibia and loosely holding the foot as not to con-
strain internal–external rotation of the tibia. KA TKA was 
performed using manual surgical instruments and followed 
the same intraoperative checks as those performed clinically 
[26, 28, 38]. The tibial force sensor matched the size and 
shape of the standard tibial component so as not to alter the 
articulation of the tibiofemoral joint [48].

Each knee was prepared for testing using the following 
dissection procedure. First, the fibula was rigidly fixed to the 
tibia using a transverse screw 12 cm distal to the joint line to 
retain the rigidity of both the tibiofibular joint and the inser-
tions of the lateral collateral ligament and biceps femoris 
tendon. Second, the thigh was transected 20 cm proximal 
to the joint line, and the shank was transected 25 cm dis-
tal to the joint line. Third, all soft tissues more than 15 cm 
proximal and 12 cm distal to the joint line were removed. 
Fourth, the fibula was transected just distal to the transverse 
screw fixing it to the tibia. Fifth, all skin and subcutaneous 
adipose tissue were removed. Sixth, the tendons of insertion 
of the biceps femoris, semimembranosus, semitendinosus, 
and quadriceps were isolated, and the semimembranosus and 
semitendinosus tendons were sutured together. Seventh, cloth 
loops were sutured to the three tendons. Finally, intramedul-
lary rods were cemented into the medullary canals of both the 
femur and tibia, and each knee was wrapped in saline-soaked 
gauze to prevent dehydration of the tissues.

Following dissection, each knee was aligned in a six 
degree-of-freedom load application system (Fig. 2) [5] using 
alignment fixtures so that the flexion–extension (F–E) and 
internal–external rotation (I–E) axes of the load application 

system were coincident with the F–E and longitudinal rota-
tion axes of the tibiofemoral joint (Fig. 2). These alignment 
fixtures connected the intramedullary rods to the load appli-
cation system, but allowed for six degree-of-freedom adjust-
ments of both the femur and tibia relative to the load appli-
cation system. Proper alignment of the knee with respect to 
the load application system was achieved when the coupled 
motions to both F–E rotation (i.e. anterior–posterior (A–P) 
and proximal–distal translations and varus–valgus (V–V) 
rotation) and I–E rotation (i.e. A–P and medial–lateral trans-
lations and V–V rotation) were minimized. Once proper 
alignment was achieved, the femur and tibia were potted 
within square aluminium tubes using methyl methacrylate 
to fix the position and orientation of each bone relative to 
the load application system during testing.

Following alignment, each knee was subjected to a pre-
conditioning protocol consisting of cycling the knee five 
times between ±2.5 Nm in F–E. After completing the pre-
conditioning, the knee was extended under 2.5 Nm to define 
0° of flexion (i.e. full extension) [34]. After full extension 
was defined, the knee was removed from the load applica-
tion system, wrapped in fresh saline-soaked gauze, placed 
in a sealed plastic bag, and stored in a refrigerator at 4° C 
overnight.

The following day, KA TKA was performed on the knee 
by a surgeon with expertise in the technique using manual 
instruments [26, 28, 38] (Fig. 3). The knee was exposed 
through a mid-sagittal osteotomy of the patella (i.e. the 
transpatellar approach [36]). Correct alignment of the femo-
ral component (Zimmer Persona CR) in V–V, proximal–dis-
tal (P–D), I–E, and A–P was confirmed based on the follow-
ing quality assurance check [26]. When the thickness of each 
of the four femoral bone resections (distal medial, distal lat-
eral, posterior medial, and posterior lateral) measured using 
callipers was within 0.5 mm of the thickness of the corre-
sponding region of the femoral component after correcting 
for the kerf of the saw blade [26], the femoral component 
was kinematically aligned in V–V, P–D, I–E, and A–P. 
Because cartilage wear was not present in these specimens, 
loss of cartilage thickness present in osteoarthritic patients 
did not have to be accounted for during these in vitro TKAs. 
Correct alignment of the tibial component (Zimmer Persona 
CR) in V–V, P-D, and F–E was also confirmed based on the 
following quality assurance checks [26]. When the knee was 
stable (i.e. had negligible V–V laxity indicated by <0.5 mm 
of gapping medially and laterally, which matches that of 
the native knee under applied V–V torques [46, 49]) at 0° 
of flexion and had the same A–P offset of the distal medial 
condyle of the femur from the anterior cortex of the tibia at 
90° of flexion as that before distal femoral resections were 
made [26], the tibial component was kinematically aligned 
in V–V, P–D, and F–E. No soft tissues were released. Prior 
to cementing the components in place, the distal surfaces 
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of a standard tibial baseplate were coated with a release 
agent (petroleum jelly), which allowed for removal of the 
standard tibial component after the cement had cured. After 
the cement had cured, the standard tibial component was 
replaced by a custom tibial force sensor (Fig. 4) [48] with 
the conversion tray and insert size and thickness to match the 
size and thickness of the standard tibial baseplate and insert 
selected by the surgeon. The exposure was closed using two 
transverse screws in the patella.

The KA TKA was remounted in the load application 
system for testing. Small loads were applied to the tendons 
of the biceps femoris (15 N), the semimembranosus/sem-
itendinosus (26 N), and the quadriceps (80 N) along their 
lines of action [3] using constant force springs. Both the 

quadriceps and medial and lateral hamstrings were loaded 
to maintain the inherent stability to the joint [29, 32]. The 
relative magnitudes of these loads were proportional to the 
average physiologic cross-sectional area of each muscle, 
and each was about 3% of the maximum isometric force of 
that muscle group assuming a specific tension of 30 N/cm2 
[16, 53]. The KA TKA was preconditioned by cycling five 
times in F–E between 0° and 120° of flexion using the full 
extension reference determined prior to TKA. After precon-
ditioning, the knee was flexed from 0° to 120°. At 0°, 10°, 
30°, 45°, 60°, 90°, and 120° of flexion, the tibial force and 
tibial contact location in each compartment were determined 
using the voltage outputs of the tibial force sensor in the 
coordinate system of each compartment (Fig. 5) [48]. To 

Fig. 2   Schematic of the six 
degree-of-freedom load applica-
tion system [5] used to flex and 
extend the knee. A knee speci-
men is included to show its ori-
entation in the load application 
system (i.e. patella towards the 
base). The degrees of freedom 
follow the coordinate system of 
Grood and Suntay [18] so that 
the flexion–extension axis is 
fixed to the femoral assembly, 
and the longitudinal rotation 
axis is fixed to the tibial assem-
bly. Accordingly, the femoral 
assembly provides two degrees 
of freedom, flexion–extension 
(F–E) rotation and medial–lat-
eral (M–L) translation. The 
tibial assembly provides the 
remaining four degrees of free-
dom including internal–external 
(I–E) and varus–valgus (V–V) 
rotations and anterior–posterior 
(A–P) and compression–dis-
traction (C–D) translations. 
Knee specimens are aligned so 
that the F–E and longitudinal 
rotation axes of the tibiofemoral 
joint are coincident with the 
F–E and I–E axes of the load 
application system, respectively. 
Stepper motor actuators (omit-
ted for clarity) are used to apply 
loads in all degrees of freedom 
except M–L translation. Uncon-
strained motions in all degrees 
of freedom are enabled through 
the use of low-friction bearings
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account for errors introduced by friction, the tibial forces 
and tibial contact locations at a particular flexion angle were 
the average of those computed during flexion from 0° to 
120° and those computed during extension from 120° back 
to 0°. To account for errors introduced by the curvature of 
the tibial articular surface, the tibial contact locations were 
corrected using error correction functions developed pre-
viously to minimize the errors in computed tibial contact 
location caused by the curved articular surfaces [47]. The 
average total tibial force caused by the tension in the soft 
tissues was computed as the difference between the aver-
age measured total tibial force (i.e. sum of medial + lateral) 
and the average contribution of the applied muscle loads to 
the total tibial force (see “Appendix 2: Anterior–posterior 
and compression–distraction components of applied mus-
cle loads” section). The differences in tibial forces between 
compartments were computed as the difference between the 
medial and lateral tibial forces. Thus, a positive difference 
indicated that the medial tibial force was greater than the 
lateral tibial force.

Following University of California policies, this study 
did not require institutional review board (IRB) approval 
because de-identified cadaveric specimens were used.

Statistical analysis

To determine how well KA TKA limited differences in tibial 
forces between compartments, a two-factor repeated meas-
ures analysis of variance (ANOVA) including interaction 
was performed (JMP version 11.2.0; SAS Institute Inc., 
Cary, NC; www.jmp.com). The first factor was compartment 
of the knee at two levels (medial and lateral), and the second 
factor was flexion angle at seven levels (0°, 10°, 30°, 45°, 
60°, 90°, and 120°). When an important interaction was 
observed in the ANOVA, post hoc pairwise comparisons 
between the treatment means (Ȳij⋅, averaged over the 13 
knees) of the medial (i = 1) and lateral (i = 2) compartments 
were made at each flexion angle (j = 1, 2, 3, 4, 5, 6, 7 for 0°, 
10°, 30°, 45°, 60°, 90°, and 120° of flexion, respectively) 
using the Bonferroni method [39]. For the ANOVAs, the 
level of significance (α) was set at 0.05. For the post hoc 
pairwise comparisons using the Bonferroni method, the level 
of significance (�Bonferoni) was set at 0.007 (�Bonferoni =

�

g
, 

where g = 7; 1 comparison/flexion angle × 7 flexion angles).
To determine how well KA TKA limited anterior trans-

lation of the tibial contact locations in either or both com-
partments, a one-factor repeated measures ANOVA was 

Fig. 3   Composite shows a 
representative set of post-oper-
ative images of a well-aligned 
kinematically aligned TKA. The 
coronal scanogram (a) shows 
that both the limb and joint line 
alignments of the kinematically 
aligned TKA closely match 
those of the native contralateral 
limb. The sagittal scanogram 
(b) shows that the femoral com-
ponent is aligned perpendicular 
to the femoral anatomic axis 
and that the tibial component is 
aligned with a normal posterior 
slope. The pre-operative mag-
netic resonance (MR) image (c) 
shows the posterior condylar 
axis (solid orange line), which 
is closely perpendicular to the 
flexion–extension plane of the 
knee. The post-operative com-
puted tomography (CT) images 
of the femoral component (d) 
and tibial component (e) show 
that the components (dashed 
black lines) are aligned parallel 
to the posterior condylar axis 
(solid orange line) and the flex-
ion–extension plane of the knee 
(solid orange line), respectively 
(color figure online)

http://www.jmp.com
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performed for each compartment (JMP version 11.2.0; SAS 
Institute Inc., Cary, NC; www.jmp.com). The one factor 
was flexion angle at seven levels (0°, 10°, 30°, 45°, 60°, 
90°, and 120°). Tukey’s tests were used to compare the 
mean A–P tibial contact location in each compartment 

between flexion angles. The level of significance (α) was 
set at 0.05.

A power analysis confirmed that with thirteen knees, dif-
ferences in tibial forces between compartments as small as 
38 N could be detected with α = 0.05 and (1 − β) ≥ 0.80 
using the maximum standard deviation of the differences 
in tibial forces between compartments for all flexion angles 
(43 N at 0° of flexion, Table 1).

Results

The total tibial forces varied with flexion (Fig. 6). The total 
tibial force was greatest at 0° of flexion (mean = 116 N), 
decreased to a minimum at 30° of flexion (mean = 5 N), and 
then increased during flexion from 30° to 120° (mean = 59 N 
at 120° of flexion).

The average differences in tibial forces between com-
partments after KA TKA also varied with flexion (Fig. 7). 
The greatest average difference in tibial forces between 

Fig. 4   Image showing an isometric view of the custom tibial force 
sensor [48] with the medial compartment exploded to show the five 
layers. The first layer, which is the most distal, is a modified tibial 
baseplate (Persona CR size D, Zimmer, Inc.) that has been hollowed 
out from the proximal surface. The second layer consists of printed 
circuit boards that are used to complete the Wheatstone bridge cir-
cuit of each of the six transducers. The third layer consists of two tri-
angular arrays of three custom transducers each; one array is in the 
medial compartment, and the other is in the lateral compartment. 
The fourth layer consists of the medial and lateral trays. The inter-
face trays provide a rigid connection between the transducers and the 
tibial articular surface inserts, which make up the fifth layer. Conver-
sion trays can be attached to the interface trays to accommodate larger 
articular surface inserts. The fifth and most proximal layer consists of 
independent medial and lateral tibial articular surface inserts, which 
are 3D printed (Grey 60, Stratasys Ltd, Eden Prairie, MN). These 
inserts have the same articular shape as the standard tibial articu-
lar surfaces and come in different sizes and thicknesses so that the 
overall size and thickness of the tibial force sensor match those of the 
standard tibial component with the proper thickness articular surface 
insert. Once assembled, the internal cavity between the hollowed-out 
baseplate and interface trays was filled with a low stiffness dielectric 
gel (SYLGARD™ 527 Silicone, Dow Corning, Midland, MS) to seal 
the electrical components but not interfere with the load transfer. The 
root-mean-squared errors (RMSEs) in tibial force and tibial contact 
location are ≤6.1 N and ≤1.6 mm, respectively [48]. The repeatabil-
ity of the measurement of tibial force and net A–P translation of the 
tibial contact locations were determined based on the pooled standard 
deviation of five repeated trials in three KA TKAs. The pooled stand-
ard deviations of the tibial forces were ≤5.3 N at 10° through 120° of 
flexion (≤12.9 N at 0° of flexion). The pooled standard deviations of 
the net A–P translation from 0° to 120° of flexion were ≤1.6 mm

Fig. 5   Images show posterior (left) and proximal (right) views of the 
tibial force sensor with the coordinate system for each compartment. 
In both compartments, the compression–distraction (C–D) direction 
is normal to the transverse surface of the tibial baseplate. The ante-
rior–posterior (A–P) direction is perpendicular to the C–D direction 
and parallel to the central printed circuit board housing, which is par-
allel to the central mating features of the tibial articular surface and is 
designed to be the A–P direction by the manufacturer. The medial–
lateral (M–L) direction is the cross-product of the C–D and A–P unit 
vectors. The origin in the lateral compartment is located one-quarter 
of the M–L width of the articular surface from the lateral edge of the 
articular surface in the M–L direction and one-half the depth of the 
lateral compartment of the articular surface in the A–P direction. The 
origin in the medial compartment is located one-quarter of the M–L 
width of the articular surface from the medial edge of the articular 
surface in the M–L direction and at the same A–P location as in the 
lateral compartment in the anterior–posterior direction

http://www.jmp.com
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compartments (29 N) occurred at 0° of flexion, and 0° of 
flexion was the only flexion angle where the difference in 
tibial forces between compartments was statistically signifi-
cant (p = 0.0008) (Fig. 7; Table 1). On average, the medial 
tibial force was greater than the lateral tibial force from 45° 
to 120° of flexion (range of average imbalance = 9–23 N) 
(Fig. 7; Table 1). The difference in tibial forces between 
compartments in the thirteen KA TKAs across all flexion 
angles ranged from 119 N (medial > lateral) at 0° of flex-
ion to −64 N (lateral > medial) at 10° of flexion (Fig. 7; 
Table 1).

In all thirteen KA TKAs, the tibial contact locations 
between 30° and 120° of flexion were posterior to those at 
0° of flexion in both compartments (Fig. 8; Table 2). The 
average A–P coordinates of the tibial contact location at 
120° of flexion were −13.8 mm (p < 0.0001) and −17.8 mm 
(p < 0.0001) more posterior than those at 0° of flexion in 
the medial and lateral compartments, respectively. The 
net posterior translation from 0° to 120° of flexion ranged 
from −8.2 to −23.0 mm in the medial compartment and 
from −9.2 to −26.6 mm in the lateral compartment (Fig. 8; 
Table 2).

Discussion

There were three important findings in the present study. The 
first important finding was that KA TKA limited the average 

Fig. 6   Vertical bar chart shows the average total tibial force caused 
by the soft tissue restraints during passive flexion (i.e. the average 
difference between the sum of the measured medial and lateral tib-
ial forces and the compressive component of the muscle loads (see 
“Appendix  2: Anterior–posterior and compression–distraction com-
ponents of applied muscle loads” section, Fig. 14 for details)

Fig. 7   The box-and-whisker plot shows the differences in tibial 
forces between compartments for each of the thirteen KA TKAs 
at each flexion angle. The lower and upper lines defining the box 
indicate the 1st quartile and the 3rd quartile, respectively, and the 
whiskers extend from the ends of the box to the outermost data 
point that falls within the distances computed as follows: 3rd quar-
tile + 1.5 × (interquartile range) and 1st quartile − 1.5 × (interquar-
tile range)

Table 1   Summary statistics of differences in tibial forces between 
compartments after KA TKA during passive flexion

Flexion angle Differences in tibial forces between com-
partments (medial–lateral) mean ± SD 
(range)

0° 29.2 ± 42.6 N (−34.4–119.1 N)
10° −5.1 ± 26.9 N (−64.0–32.4 N)
30° −2.7 ± 32.6 N (−55.2–69.7 N)
45° 13.1 ± 29.9 N (−31.4–65.0 N)
60° 22.9 ± 34.4 N (−23.8–91.2 N)
90° 12.7 ± 19.5 N (−17.1–46.5 N)
120° 8.8 ± 29.3 N (−52.1–68.8 N)

Fig. 8   Box-and-whisker plot show the A–P coordinate of the contact 
location in each compartment during passive flexion from 0° to 120°. 
The lower and upper lines defining the box indicate the 1st quartile 
and the 3rd quartile, respectively, and the whiskers extend from the 
ends of the box to the outermost data point that falls within the dis-
tances computed as follows: 3rd quartile + 1.5 × (interquartile range) 
and 1st quartile − 1.5 × (interquartile range)
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total tibial forces to 116 N from 0° to 120° of flexion with-
out soft tissue release. The second important finding was 
that KA TKA limited the average differences in tibial forces 
between compartments to 29 N from 0° to 120° of flexion. 
The third important finding was that KA TKA enabled a net 
posterior translation of the contact locations during passive 
flexion from 0° to 120° of flexion in both compartments.

The magnitudes of the average total tibial forces after KA 
TKA are somewhat lower than those measured previously 
in the native knee [52] (Fig. 9). In the study that measured 
the tibial forces in the native knee [52], the measured tib-
ial forces included contributions from both the soft tissue 
restraints and the passive stretch of muscles crossing the 
knee. Accordingly, it is not unexpected that the total tibial 
forces measured in the present study are less than those 
measured previously in the native knee [52] (Fig. 9) because 
the contribution of the soft tissue restraints was isolated in 
the present study (see “Appendix 2: Anterior–posterior and 
compression–distraction components of applied muscle 
loads” section) and passive muscle forces were absent. The 
low average total tibial forces indicate that KA TKA reduces 
the risk of overly tight soft tissue restraints that might cause 
persistent pain, stiffness, and limited range of motion [4, 22].

The average differences in tibial forces after KA TKA 
closely matched those measured in a previous study in the 
native knee [52] throughout flexion (Fig. 9). This similarity 
indicates that KA TKA closely restores the balance between 
the tensions in the medial and lateral soft tissue restraints to 
native. In KA TKA, the soft tissues are balanced by adjust-
ing the V–V, P–D, and F–E of the tibial resection [26, 38]. 
Thus, when the plane of the proximal tibia and the joint 
lines of the femur are closely restored (Figs. 1, 3), the soft 
tissues are also balanced [45]. Because the tibial forces in 
the medial and lateral compartments are determined by the 
interaction between the articular surfaces and the soft tissue 
restraints [10, 57, 58], these results indicate that the com-
ponents were aligned to closely restore both the articular 
surfaces and the tension in the soft tissue restraints to native. 

Table 2   Summary statistics of 
A–P translation of medial and 
lateral tibial contact locations 
after KA TKA during passive 
flexion

Flexion Angle A–P translation of tibial contact location relative to that at 0° of flexion (−posterior 
translation)

Lateral compartment mean ± SD (range) Medial compartment mean ± SD (range)

10° −9.4 ± 2.8 mm (−4.2 to −12.8 mm) −12.1 ± 1.8 mm (−8.7 to −14.2 mm)
30° −17.4 ± 4.6 mm (−7.7 to −26.8 mm) −14.3 ± 4.9 mm (−7.3 to −23.5 mm)
45° −15.0 ± 5.4 mm (−5.1 to −26.8 mm) −13.4 ± 5.2 mm (−6.5 to −24.5 mm)
60° −14.1 ± 5.7 mm (−4.0 to −25.5 mm) −11.5 ± 4.9 mm (−4.2 to −23.1 mm)
90° −13.7 ± 4.9 mm (−4.7 to −18.9 mm) −10.0 ± 3.7 mm (−5.0 to −17.7 mm)
120° −17.8 ± 4.7 mm (−9.2 to −26.6 mm) −13.8 ± 4.6 mm (−8.2 to −23.0 mm)

Fig. 9   Comparison between total tibial force (top) and difference in 
tibial forces between compartments (bottom) measured previously 
in the native knee [52] and measured in the present study after KA 
TKA. The lines represent the mean, and the shaded regions represent 
±1 standard deviation. Note that there is no shading for the total tibial 
force in the present study because only the average measured total 
tibial force was adjusted to remove the effect of the applied muscle 
forces (see “Appendix  2: Anterior–posterior and compression–dis-
traction components of applied muscle loads” section). The total tib-
ial forces in the present study were somewhat lower than those meas-
ured previously in native knees from full extension to mid-flexion and 
comparable from mid-flexion to deep flexion. The differences in tibial 
forces between compartments were similar in the native knee and 
after KA TKA because the shaded regions overlap throughout flexion
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Additionally, these results demonstrate that the quality 
assurance checks [26, 38] used to confirm that the femoral 
and tibial components were correctly aligned are effective 
at helping the surgeon closely restore the articular surfaces 
and tensions in the soft tissue restraints to native.

It is important to note that KA TKA limited the differ-
ences in tibial forces between compartments without either 
soft tissue releases or the use of an intraoperative sensor. 
While comparisons must be made with caution because 
different alignment goals were used in the previous stud-
ies that measured tibial forces intraoperatively, it is striking 
that 13–42% of the TKAs after mechanically aligned TKA 
had differences in tibial forces between compartments that 
the authors considered undesirable [19, 20, 35] compared 
to 0% after KA TKA in the present study based on the same 
criteria. Further, in previous studies of mechanically aligned 
TKA [19, 20], patients were left with differences in tibial 
forces between compartments considered undesirable by the 
authors because the surgeons were concerned that further 
releases could cause post-operative instability. Thus, by 
striving to restore the native soft tissue balance by aligning 
the components congruent with the native joint lines using 
simple quality assurance checks [26, 38], KA TKA closely 
restored to native the differences in tibial forces between 
compartments (Fig. 9). While confirmation in vivo is war-
ranted, these findings indicate that KA TKA might better 
limit differences in tibial forces between compartments 
than mechanically aligned TKA, which provides one pos-
sible explanation for why KA TKA has high rates of patient 
satisfaction and function [13, 14, 25, 27, 28, 37] and why 
patients are three times more likely than those with mechani-
cally aligned TKA to report that their knee feels normal [37].

In addition to limiting high tibial forces and differences 
in tibial forces between compartments, KA TKA also pre-
vented a net anterior translation of the contact locations dur-
ing passive flexion in both compartments. The net posterior 
translation of the tibial contact locations during passive flex-
ion from 0° to 120° in all thirteen TKAs (Fig. 8, Table 2) 
demonstrates that KA TKA is unlikely to limit flexion due 
to impingement between the femur and the tibia [6, 7, 50]. 
This net posterior translation of the tibial contact locations 
despite the net posterior force on the tibia due to the muscle 
loads from 30° to 120° of flexion (Fig. 13) indicates that 
KA TKA properly tensioned the posterior cruciate ligament, 
which engages between 60° and 90° of flexion and drives 
posterior translation of the tibial contact locations [2, 9, 21, 
54]. While comparison to the results of prior studies must 
be made with caution due to different loading conditions, 
the average posterior translations from 0° to 120° of flexion 
in the medial and lateral compartments (16 mm and 18 mm, 
Fig. 8, Table 2) are within the ranges measured in the medial 
and lateral compartments of native knees in previous stud-
ies of 11–20 mm and 17–22 mm [31, 33, 40], respectively.

These three important findings have clinical relevance 
related to soft tissue balancing in TKA. First, these findings 
demonstrate that striving to restore the native joint lines and 
adjusting component alignment to balance the soft tissues 
rather than performing releases can limit both high tibial 
forces that might cause stiffness and pain [4] and differences 
between tibial forces that might lead to patient dissatisfac-
tion [19, 20]. Avoiding unnecessary releases is important 
because it reduces operative times, reduces the risk of over-
release that might lead to instability, and reduces trauma to 
the soft tissues that should lead to quicker recovery. Second, 
because the tibial forces were generally low (Figs. 6, 9), the 
tibial forces are not a good metric for detecting overly loose 
TKAs (i.e. instability). Instability is arguably better detected 
based on knee laxities where excessive separation between 
the components will be apparent. However, previous stud-
ies have indicated that surgeons have difficulty detecting 
overly tight knees based on laxities [12, 15]. Thus, the tibial 
forces are likely a better metric to detect an overly tight knee 
because the tibial forces should be sensitive to over-tightness 
due to the stiffness of the soft tissue restraints [30, 43, 44].

Two limitations should be considered when translating 
these findings into the clinical realm. One is that the mus-
cle loads applied were chosen to maintain the stability of 
the joint and not to represent any specific physiologic load-
ing condition; hence, the muscle loads might cause non-
physiologic tibial forces and contact kinematics. Regarding 
the total tibial forces, the applied muscle forces contrib-
uted substantively to the measured tibial forces (Fig. 14), 
which is why their contribution was removed from the total 
tibial forces reported (Fig. 6). Surgeons using intraopera-
tive sensors should carefully consider the external loads 
being applied to the knee during measurements because 
these loads are likely to influence the measured forces espe-
cially because the contributions of the soft tissue restraints 
are small (Fig. 6). Regarding the difference in tibial forces 
between compartments, the applied muscle forces had a neg-
ligible effect (<2 N) on the measured differences in these 
forces between compartments (Fig. 11). Regarding the con-
tact kinematics, the anterior translation of the tibial contact 
locations between 30° and 90° of flexion was likely caused 
by the posterior component of the net muscle loads (Fig. 13).

The second limitation is that KA TKA was performed 
on native knees rather than knees with osteoarthritis (OA). 
In clinical practice, patients’ knees will have end-stage OA, 
which might include contracture, lengthening, and/or stiffen-
ing of the soft tissue restraints [8, 41, 51]. These changes to 
the soft tissue restraints must be accounted for during soft 
tissue balancing. Traditionally, soft tissue balancing involves 
releases of the soft tissue restraints [55], and the amount 
of soft tissue releases might differ between native and OA 
knees due to the possible changes in the soft tissue restraints 
due to OA. Thus, because the difference in tibial forces 
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between compartments is determined by the relative tensions 
in the soft tissue restraints, different amounts of soft tissue 
releases would lead to altered differences in tibial forces 
between compartments. However, KA TKA largely avoids 
soft tissue releases during soft tissue balancing by adjusting 
the alignment of the tibial component to achieve the desired 
balance [26, 28, 38]. Therefore, because KA TKA largely 
avoids soft tissue releases, the differences in tibial forces 
between compartments measured in the present study should 
be representative of those occurring intraoperatively.

Conclusions

After KA TKA, average total tibial forces due to the soft 
tissue restraints were limited to 116 N, average differences 
in tibial forces between compartments were limited to 29 N, 
and a net posterior translation of the tibial contact locations 
was observed in all knees during passive flexion from 0° to 
120°. These results are consistent with those measured in 
previous studies of native knees [31, 40, 52]. While confir-
mation in vivo is warranted, these findings give surgeons 
who perform kinematically aligned TKA confidence that the 
alignment method and surgical technique limit high tibial 
forces, differences in tibial forces between compartments, 
and anterior translation of the tibial contact locations dur-
ing passive flexion. These findings support previous clini-
cal studies that reported that KA TKA leads to high patient 
satisfaction and function [13, 14, 25, 27, 28, 37], has a low 
risk of failure [25, 27], and has a low prevalence of abnormal 
contact kinematics during kneeling [24].
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Appendix 1: Contribution of applied 
muscle loads to differences in tibial forces 
between compartments

The differences in tibial forces between compartments 
(Fdiff,i) created by the applied muscle loads at each flexion 
angle (i = 0°, 30°, 60°, 90°, and 120°) can be estimated using 
average anatomy and lines of action [3, 11] (Fig. 10, Eq. 1) 
where ⇀rBF, 

⇀

rSMST, and ⇀rQ are the vectors from the centre of 

Fig. 10   Coronal view of free body diagram of the knee with applied 
muscle loads

Fig. 11   Line plot shows that applied muscle forces had a negligible 
effect on the differences in tibial forces between compartments from 
0° and 120° of flexion measured in the present study
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the tibial plateau to the tibial insertions of the biceps femo-
ris (BF), semitendinosus/semimembranosus (SMST), and 
the patellar tendon (Q), respectively; 

⇀

FBF,i, 
⇀

FSMST,i, and 
⇀

FQ,i 
are the vectors whose orientation is set by the line of action 
and magnitude is set by the applied loads at the tibial inser-
tions of the biceps femoris, semitendinosus/semimembrano-
sus, and the patellar tendons, respectively; w is the average 
medial–lateral spacing between the contact locations in the 
medial and lateral compartments. The magnitude of 

⇀

FQ,i was 
computed using the average ratio of the load in the quadri-
ceps tendon to that in the patellar tendon [42].

Appendix 2: Anterior–posterior and compression–
distraction components of applied muscle loads

The total tibial force (Ftotal,i) can be decomposed into the 
contribution of the muscle loads (Fmuscle,i) and the contribu-
tion of the soft tissue restraints (Fsoft tissue,i) at each flexion 
angle (i = 0°, 10°, 30°, 45°, 60°, 90°, and 120°) (Eq. 2). The 
total tibial force is calculated as the sum of the medial and 
lateral tibial forces computed using the tibial force sensor. 
The anterior–posterior (A–P) and compression–distraction 
(C–D) components of the muscle loads are computed based 
on applied load to each muscle, the alignment of the muscle 
loads relative to the tibia [3, 11], and the ratio of the load in 
the quadriceps tendon to that in the patellar tendon (rQ/Pat,i) 
[42] (Fig. 12).

(1)⇀

Fdiff,i =

⇀

rBF ×
⇀

FBF,i +
⇀

rSMST ×
⇀

FSMST,i +
⇀

rQ ×
⇀

FQ,i

w

(2)
⇀

Ftotal,i =
⇀

Fmuscle,i +
⇀

Fsoft tissue,i

Between 0° and 30° of flexion, the net A–P force com-
ponent of the muscle loads is directed anteriorly, whereas 
between 30° and 120° of flexion, the net A–P force compo-
nent of the muscle loads is directed posteriorly (Fig. 13). 
The anterior translation of both tibial contact locations 
between 30° and 90° (Fig. 8; Table 2) is likely driven by 
the muscle forces pulling the tibia posteriorly on the femur. 
Because the soft tissues are minimally loaded between these 
flexion angles (Fig. 14), the small A–P forces applied by the 
muscles can drive the A–P translation of the tibial contact 
locations.

Fig. 12   Sagittal view of a free body diagram of the knee with 
applied muscle loads

Fig. 13   Line plot show the A–P force component of the muscle loads 
overlaid on the average A–P coordinates of the tibial contact loca-
tions. The initiation of anterior translation of the tibial contact loca-
tions (Fig.  8; Table  2) coincides with the switch from an anteriorly 
directed component of the muscle forces to a posteriorly directed 
component. The posteriorly directed force would pull the tibia more 
posterior on the femur, which would cause the tibial contact loca-
tions to translate anteriorly. The anterior translation begins to level off 
between 60° and 90° of flexion when the posterior cruciate ligament 
begins to tighten [2, 9], which limits the posterior translation of the 
tibia

Fig. 14   Vertical bar graph shows the average total tibial force meas-
ured and the compressive force component of the applied muscle 
loads
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