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Knee joint forces: prediction,
measurement, and significance

Darryl D D’Lima', Benjamin ] Fregly?, Shantanu Patil',
Nikolai Steklov' and Clifford W Colwell Jr'

Abstract

Knee forces are highly significant in osteoarthritis and in the survival and function of knee arthroplasty. A large number
of studies have attempted to estimate forces around the knee during various activities. Several approaches have been
used to relate knee kinematics and external forces to internal joint contact forces, the most popular being inverse
dynamics, forward dynamics, and static body analyses. Knee forces have also been measured in vivo after knee arthro-
plasty, which serves as valuable validation of computational predictions. This review summarizes the results of published
studies that measured knee forces for various activities. The efficacy of various methods to alter knee force distribution,
such as gait modification, orthotics, walking aids, and custom treadmills are analyzed. Current gaps in our knowledge are

identified and directions for future research in this area are outlined.
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Introduction

The knee is an important load-bearing joint, which is
distinct from the other major load-bearing joints in that
soft tissues rather than articular shape are the major
stabilizing factors.! Other important differences are the
division of the joint into three compartments (two tibio-
femoral and one patellofemoral) and the presence of
menisci, which contribute significantly in the transfer of
contact stresses from one articular surface to another.?
While the patellofemoral joint is an important compo-
nent of the knee, tibiofemoral forces are the primary
focus of this review.

Knee forces and joint disease

Forces transmitted by the knee joint are of great clini-
cal significance. Obesity, which increases the overall
magnitude of loads across the knee, is associated with
an increased incidence of osteoarthritis, as well as accel-
erated progression of the disease.> ® Forces transmitted
across the knee joint during normal walking range
between 2 and 3 times body weight ( X BW). This is in
part owing to the kinetics of acceleration, the high
moments generated at the knee, and simultaneous con-
traction of multiple muscles. Therefore, the net effect
of each additional kilogram in body weight is

multiplied 2 or 3 times at the knee. Malalignment of
the lower extremity, which overloads one compartment
at the expense of another, is also associated with pro-
gression of osteoarthritis.” '' Motion analysis studies,
which calculate the external moments of the knee, have
correlated an increased peak adduction moment at the
knee with pain, radiographic progression, and biomar-
kers of disease severity.>'*>'> While these changes in
adduction moment are subtle, as little as 3-5° of
increased tibial varus alignment can induce a 50%
increase in the force transmitted across the medial'®
tibiofemoral compartment

Knee arthroplasty

The only effective treatment for end-stage arthritis is
knee arthroplasty. Knee forces are even more important

'Shiley Center for Orthopaedic Research and Education at Scripps Clinic,
Scripps Health, USA

Department of Mechanical and Aerospace Engineering, University of
Florida, USA

Corresponding author:

D D’Lima, Scripps Health, 11025 North Torrey Pines Road, Suite 200, La
Jolla, CA 92037, USA.

Email: DLima.Darryl@scrippshealth.org

Downloaded from pih.sagepub.com at UNIV OF FLORIDA on April 4, 2012


http://pih.sagepub.com/

96

Proc IMechE Part H: | Engineering in Medicine 226(2)

after arthroplasty because, unlike biological tissues, the
materials used in knee replacement do not regenerate or
remodel. Knee forces are, therefore, directly implicated
in articular wear and damage (especially to the poly-
ethylene component). Contact stresses on the bearing
surfaces are a function of the magnitude of contact
force, local material properties, and articular confor-
mity."” Contact stresses are directly linked to the wear
and damage of polyethylene, which is the most com-
mon bearing of the tibial articulation.'”?° Tibiofemoral
contact forces are transmitted to the underlying bone.
High stresses in the bone, as a result of high tibiofe-
moral forces or malaligned forces, increase the risk for
bone fatigue damage.'®?!' As little as 10-20% change in
the mediolateral distribution of axial tibiofemoral load
can increase the volume of bone subjected to cyclic
strain of greater than 0.4%, which is the threshold for
fatigue damage.'®*

Calculation and measurement of forces

The computation of knee forces has received much
attention. Modeling approaches have varied from two-
dimensional (2D) to three-dimensional (3D), with
and without the simulation of contact, with and with-
out soft tissues, with and without accounting for mus-
cle cocontraction, and antagonistic effects. The inverse
dynamics approach, uses experimentally measured
motion analysis and external reaction forces to
calculate the forces and moments about the joint.>
Muscle forces are then derived to balance joint
moments and their contribution to total joint forces
computed. The forward dynamics approach uses mus-
cle activations and forces to directly predict kinematics,
which are then compared with measured kinematics for
validation.

The major obstacles to accurate modeling of the
knee are:

(a) the complexity of the geometry of the articulating
surface;

(b) the multiaxial forces and kinematics;

(c) the importance of passive soft tissues in maintain-
ing stability;

(d) the fact that more than one muscle performs the
same action;

(e) the fact that several of the major muscles that act
on the knee joint also act on the hip and the ankle;

(f) the complexity of determining the location of the
resultant contact force.

Compounding these hurdles is the complexity of ana-
lyzing motion, even for a common activity such as
walking.

An alternative to computational prediction of knee
forces is the direct measurement of knee forces.
Advances in smart implant technology and telemetry
systems have made measurement possible in vivo in
patients receiving total knee arthroplasty. This article is

a concise review of studies that have measured knee
forces, the specific goals being to summarize the results,
to establish the clinical significance of knee forces, and
to suggest future research directions.

Computational prediction of knee forces

A large number of studies have attempted to estimate
forces around the knee during various activities.
Several approaches have been used to relate knee kine-
matics and external forces to internal joint contact
forces, the most popular being inverse dynamics, for-
ward dynamics, and static body analyses.**>* A major
challenge for most musculoskeletal joints in general,
and the knee in particular, is the problem of redundant
muscles, which makes it difficult to find unique solu-
tions for knee forces. Electromyography (EMG)-driven
and optimization methods have commonly been used
to resolve this issue.**3* 3¢

The diversity of approaches, solution algorithms,
and modeling assumptions has led to wide differences
in predictions even for the same activities. Among the
open kinetic chain activities, isokinetic knee extension
has been studied for its relative simplicity for modeling.
A 2D static analysis of maximum voluntary isokinetic
knee extension with a single quadriceps muscle esti-
mated peak tibiofemoral compressive forces up to
9 X BW.>* At the other end of the spectrum, a 2D
inverse dynamics model using a linear optimization
algorithm to solve the distribution of synergistic muscle
forces estimated peak compressive forces of only
4 X BW during maximal voluntary effort.”>

Examples of divergent predictions can be found for
several activities. When comparing an open Kinetic
chain with closed kinetic chain knee extension, a static
free-body analysis in the sagittal plane predicted maxi-
mum compressive forces of 5 X BW during an open
kinetic chain extension exercise and 4.5 X BW during a
closed kinetic chain extension exercise.’’ On the other
hand, a 3D inverse dynamics model utilizing motion
analysis, force plates, and EMG (quadriceps, ham-
strings, and gastrocnemius) estimated higher knee
forces during the closed kinetic chain task (peaking at
an average of 6.7 and 6.3 X BW for the squat and leg
press, respectively) compared with 5 X BW for open
chain knee extension.”® Peak forces generated during
squatting without resistance were estimated at
4.2 x BW,?” while forces calculated at maximum flex-
ion were 2.8 and 3.8 X BW for squatting with heels
down and heels up, respectively.”®

Although walking is a common activity, it is complex
to model. The earliest report of predicting forces during
walking simplified the problem by grouping muscles
based on similar function, which reported peak forces
that averaged 3 X BW.?>* Other reports that grouped
muscles with similar function have reported peak forces
in the range of 1.7 and 2.4 X BW.*'*** Use of an objec-
tive function that minimized total forces and moments
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to solve the redundancy problem resulted in peak force
predictions approaching 7 X BW.** Tibiofemoral con-
tact forces were sensitive to the quantities being mini-
mized and varied between 4 to 6 X BW during level
walking.**

The broad range of differences in estimated peak
tibiofemoral contact forces emphasizes the need for
experimental validation. All of the above-mentioned
studies made several assumptions that have yet to be
validated. Anthropometric measurements are particu-
larly important when defining the attachments and
wrapping of muscles. Measuring specific attachment
points and vectors of action are often challenging.
Owing to the large muscle force to moment arm ratios
around the knee, small errors in estimated or measured
directions of muscle line of action can lead to large dif-
ferences in estimated moments. An accurate determina-
tion of tibiofemoral contact position may also be
essential but is difficult to measure. In vivo measure-
ment of tibial compressive forces, therefore, provides
an invaluable means of validating such models.

Experimental measurement of knee
forces

In vitro: intact knee

Early attempts at measuring tibiofemoral forces in
vitro (in cadavers) involved inserting a steel plate
between the tibial plateau and the tibial tubercle con-
nected to a vertical intramedullary shaft that was
instrumented with strain gauges to measure compres-
sive forces.*® Predicted knee forces using a 2D static
free-body analysis of the loaded knee were within 6%
of experimental measurements. Later studies used
nested cylinders supporting the transected tibial pla-
teau to measure multiaxial forces and moments in
cadavers. These studies reported differences in ante-
roposterior shear force during a closed chain knee
extension with transection of the anterior and poster-
ior cruciate ligaments.*

In vitro: knee arthroplasty

Tibiofemoral forces have been measured in vitro after
total knee arthroplasty using an instrumented tibial
tray. The tibial tray was split into upper and lower
halves that were connected by four posts.*’ Strain
gauges, below the posts in the lower half, measured
compression forces. By monitoring forces in the four
quadrants, the total compressive force and center of
pressure could be accurately measured, which also
yielded the mediolateral distribution of tibiofemoral
force. This instrumented tray was coupled with a tele-
metry system,*' demonstrating proof of concept that
knee forces could be captured wirelessly in vivo.** A
second-generation tibial tray that could measure all six
components of force was later developed.*?

In vivo

Knee forces in intact normal human knees have yet to
be measured in vivo. In canine knees “sensate” scaf-
folds have been implanted to measure in vivo loads.
These are synthetic scaffolds, designed to fill an osteo-
chondral defect, that have been instrumented with
strain gauges and a telemetry system to monitor tibio-
femoral contact forces in otherwise intact knees.***> In
a human subject, a distal femoral tumor replacement
prosthesis was instrumented to measure femoral shaft
forces in vivo.***’ Femoral shaft forces were used to
calculate knee forces in the rotating hinged knee com-
ponent. Peak knee forces reported were 2.8 X BW for
walking, 2.8 X BW for stair ascent, 3.1 X BW for stair
descent, and 3.6 X BW for jogging.

The first direct measurement of in vivo tibial forces
after a primary total knee arthroplasty was in 2004.%4°
This “first-generation” design measured axial loads at
four quadrants of the tibial tray from which the total
force and net center of pressure were obtained. A “sec-
ond-generation” tibial component was later designed
and implanted in which all six components of force act-
ing on the tibial tray were measured.****! A different
six-component knee arthroplasty design was also
implanted by the team led by Georg Bergmann.’>>* In
the early postoperative period, peak axial contact
forces during walking increased substantially over the
first three weeks peaking at 2.8 X BW by the one year
follow up.*®3 Stair descent generated higher forces
(3.2-3.5 X BW) than stair ascent (2.9-3.0 X BW). These
early results were further substantiated in a cohort of
five patients.>

Variation of knee forces by activity

Knee forces have been reported in vivo for a variety of
activities including recreation and exercise.”' Peak tibial
forces by activity have been summarized in Table 1.
Walking on the treadmill at speeds up to 3 miles per
hour generated lower peak tibial forces relative to
walking on the laboratory floor. Power walking on the
treadmill (at 4 miles per hour) generated higher peak
tibial forces. Jogging is a high-impact activity that gen-
erated peak forces of 3.6 XBW in two subjects
implanted with instrumented distal femoral tumor
replacement prostheses.*® In subjects implanted with a
primary knee arthroplasty design, jogging generated
higher forces, probably owing to more intact muscula-
ture around the knee relative to the more extensive tis-
sue resection required for tumor replacement surgery.
Overall, stationary bicycling generated even lower
knee forces than walking.”' Tennis, also considered a
high-impact activity, generated high knee forces in the
same range as treadmill jogging. The golf swing,
although considered a low impact activity, generated
high peak tibial forces in the leading knee approaching
those of jogging. Elliptical trainers, a low-impact exer-
cise machine, are often recommended for patients who
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Table I. Activities of daily living.

Notes

Activity Peak tibial forces ( X BW)
Walking*®-'4 2.5-2.8
Treadmill walking®' 2.1+0.2
Power Xzalkings' 2.8+ 0.4
i 3.1-3.6

}gz;:é‘" 42+02
Stationary bicyclingsI 1.0-1.5
Golf (lead knee) ° 44+0.
Golf (trailing knee) *' 3.0+02
Tennis serve 42 +0.1
Tennis forehand”' 43+04
Tennis backhand®' 3.5+0.6

StairMaster level |°' 24 +0.1

StairMaster level 3°' 33%0.3
Elliptical level |°' 23+0.2
Elliptical level |1°' 22+03
Leg press”' 28=0.1
Knee extension®' 1.5+0.0
Rowing machine®' 0.9 £0.1

Laboratory floor

|-3 miles per hour

4 miles per hour on treadmill
Tumor replacement prosthesis

5 miles per hour on treadmill
Level 1-5; 60-90 r/min

Left knee in a right-handed golfer

Foot reaction force = | X BW
Resistance =0.2 X BW

X BW: times body weight.

experience knee pain during higher impact jogging.
Elliptical training generated forces comparable to
treadmill walking. Rowing machines, often recom-
mended to increase knee flexion, generated low forces.
Both the leg press (against a resistance force equal to
body weight) and the squat generated the same peak
tibial forces. The leg-press machine can, therefore, be
recommended to build up to a squat, if a full weight-
bearing squat is not possible.

Given the wide variation in knee forces predicted by
computer models for the same activity, it is not surpris-
ing that many of these predictions differed from experi-
mental measurements. Mathematical predictions of
walking ranged from 1.7 to 7 X BW?3* while experi-
mental measurements were between 2 and 3 X BW.
Predictions of forces for other activities face similar
challenges. For example, a closed kinetic chain activity,
such as a leg press, is predicted to generate between 4
and 6 X BW, while that measured in patients averaged
less than 3 X BW. These comparisons do not serve to
directly validate the computer models that predicted
forces more accurately, since one cannot rule out seren-
dipitous coincidence. For more robust validation, pre-
dictions under diverse conditions specifically designed
to test major modeling assumptions or simplifications
are required. Also, predictions that modeled younger
subjects with intact joints cannot be directly compared
to older subjects with artificial knee joints. For a more
direct and unbiased assessment of modeling methodol-
ogy, we are hosting an annual open “Grand Challenge
Competition to Predict In Vivo Knee Loads”. Entire
datasets of subject anthropometrics, motion analysis,
ground reactions forces, and EMG required for pre-
dicting tibiofemoral forces during specific activities are
released publicly the preceding year. Experimental mea-
surements of tibiofemoral forces and the accuracy
of predictions are only revealed at the Summer

Bioengineering Conference of the American Society of
Mechanical Engineering (ASME).

Therapeutic modulation of knee forces

Gait modifications

Knee forces have a substantial impact on joint degen-
eration, injury, and arthritis. The strong link between
knee forces and osteoarthritis has led to interest in gait
modifications to reduce the medial compartmental
force or “offload” the medial compartment. The peak
external knee adduction moment has been linked to
pain, severity, and rate of progression of arthritis.'>”
1435 Thus, altering the pattern of gait to reduce external
adduction moment may “offload” the medial compart-
ment and delay the progression of medial compartmen-
tal disease. By monitoring the mediolateral distribution
of tibial forces in vivo, a “medial thrust” gait, in which
the knee is deliberately medialized, was shown to reduce
the external adduction and effectively reduce medial
loads on the tibia by 7% to 28%.¢"

Walking aids

The use of walking aids such as canes, crutches, or
walkers is often recommended to alleviate pain caused
by osteoarthritis of the hip and knee. These aids can
form an important component of non-pharmacologic
and non-surgical treatment. Walking with hiking
poles is sometimes recommended to stabilize moments
in the frontal plane.’® Hiking poles can reduce in vivo
medial compartmental forces by 15% to 45%.°¢ Even
more significantly, walking poles reduced the total
tibial contact force, presumably owing to partial
transfer of ground reaction force to the walking
poles.®
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Figure I. Walking with a cane in the contralateral hand decreased the average peak adduction moment relative to walking without
a cane. Walking with a cane in the ipsilateral hand increased the mean peak adduction moment.

A cane is a very convenient walking aid and the effi-
cacy of a cane in reducing hip moments and forces has
been documented.” A cane reduced peak vertical forces
measured using foot pressure sensors.®® A cane in the
contralateral hand resulted in lower shoe forces than
one in the ipsilateral hand.®' Indirect evidence through
inverse dynamics analysis suggests that a cane in the
contralateral hand reduces external knee adduction
moments during gait analysis.®> We therefore decided
to directly measure forces at the knee in vivo to assess
the magnitude of any beneficial effect of cane usage.

Tibial forces and moments were recorded in vivo in
subjects (N = 3) previously implanted with an instru-
mented tibial prosthesis®' while walking with and with-
out a cane. The trials included walking with no cane,
walking with a cane in the ipsilateral hand (same side
as the implanted knee), and walking with a cane in the
contralateral hand (opposite side as the implanted
knee). Multiple cycles (1015 cycles) were averaged into
one representative gait cycle for each condition for each
subject. Peak tibial axial force and peak adduction and
abduction moments on the tibial tray were recorded.
The mean peak axial tibial force (Fz) was between 2
and 3 X BW for all the gait conditions and did not
appear to change consistently with or without the use
of a cane. The mean peak internal abduction moments
on the tibial tray were higher (range 0.19% to 1.27%
body weight times height [%BW*HT]) when the cane
was held in the hand on the same side as the implanted
knee when compared with the contralateral side (range
0.02 to 0.96%BW*HT). The mean peak internal
adduction moments on the tibial tray with the cane in
the contralateral hand ranged between —0.18 to —0.78
times %BW*HT compared with 0.09 to —0.38 times
%BW*HT with the cane in the ipsilateral hand.
Walking with a cane in the contralateral hand
decreased peak adduction moment by an average of
43% relative to walking without the cane. Walking
with a cane in the ipsilateral hand increased the mean
peak adduction moment by an average of 9%
(Figure 1).

A previous study found differences in external knee
moments generated during cane usage in osteoarthritic
patients.®? External knee adduction moments were sig-
nificantly higher with ipsilateral cane usage relative to
unaided gait or contralateral usage. Measurements of
adduction moments at the tray are consistent with these
results. Proper use of a cane can significantly reduce the
adduction moment, which provides biomechanical vali-
dation of the use of a walking aid in the conservative
management of painful osteoarthritis.

Shoe orthotics

Medial compartmental osteoarthritis has been linked to
varus knee alignment and to increased external adduc-
tion moment at the knee.'*'>**%* Orthotics such as
shoe wedges, insoles, and ankle—foot orthoses have
been used to alter the mechanical alignment of the knee
via the ankle with the objective of reducing the external
knee adduction moment.®> Biomechanically, a laterally
based wedge in the sole of the shoe can generate an
abduction moment or can reduce the net adduction
moment at the knee.**®” However, not all studies report
successful changes in adduction moment.*>*® Further,
the magnitude of any internal change in in vivo medial
joint loading has not been documented. A variable stiff-
ness shoe has been designed that simulates the effect of
a dynamic lateral wedge with less subjective discomfort
than a static wedge.®® Since the lateral half of the sole is
stiffer than the medial half, the medial sole compresses
more on weight bearing, producing a similar effect as a
lateral shoe. A variable stiffness shoe reduced the peak
external adduction moment of the knee in subjects with
medial compartmental osteoarthritis.”” In a subsequent
study, which measured in vivo tibial forces, medial
compartment joint contact force was also reduced com-
pared with wearing a shoe without the variable stiffness
sole.”! The change in first peak of the external knee
adduction moment was also significantly correlated
with the change in first peak of medial contact force. In
vivo monitoring of knee forces can, therefore, validate
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some of the claims that shoe orthotics can alter the dis-
tribution of forces in the knee.

Reduction in ground reaction forces

Lower body-positive pressure chambers have been used
as a novel method of reducing net ground reaction
forces.”*”* Placing a treadmill inside a pressurized
chamber reduces the effect of gravity during walking.
Briefly, the patient is positioned with his or her lower
body within the chamber. A neoprene seal at the waist
maintains the pressure differential between the lower
and upper body. A positive pressure (i.c. higher pres-
sure within the chamber) lifts the patient and reduces
the ground reaction force on the treadmill, thus coun-
tering the effect of gravity. The pressure can be con-
trolled to generate the desired amount of reduction in
ground reaction force. Lower body-positive pressure
was effective at reducing ground reaction forces and
provided significant postoperative pain relief during
ambulation after anterior cruciate reconstruction.’?
Lower body-negative pressure increases the ground
reaction forces and has been shown to be effective in
countering weightlessness-induced bone loss.”*”> We
monitored knee forces in vivo and compared the reduc-
tion in knee forces with the reduction in ground reac-
tion forces.”® Peak tibial forces correlated with peak
ground reaction forces. However, even at pressure set-
tings that reduced ground reaction force to 10%, peak
tibial forces remained above 0.5 X BW.

Summary of future directions

Experimentally and clinically measured forces provide
much needed experimental validation of past and cur-
rent estimates generated by computer models.
Knowledge of forces in the knee provides the clinician
with quantitative data to make informed decisions
regarding the prevention and treatment of knee injury.
Knee forces can also be used to drive computer models
that predict outcomes that cannot be readily measured
in vivo, such as stress distributions, ligament and mus-
cle forces, wear, damage, and remodeling. Clinical
force measurements have been made in a limited num-
ber of patients with knee replacements. Extrapolation
of these forces to a larger patient population or differ-
ent age groups has to be validated. We are working to
develop a commercially viable instrumented prosthesis.
A major challenge is establishing safety across a diverse
patient population using a prosthesis with sensors and
electronics. Other challenges include developing a low
cost, efficient, and durable power source. Remote unsu-
pervised monitoring and continuous data logging are
highly attractive but require development of robust
data acquisition systems that can be operated by
patients and a strategy to manage the bandwidth of
real time data as well as the storage and processing of
existing data. A major unmet need is measurement of
patellofemoral forces. The patellofemoral joint is an

important component of the knee and biomechanical
dysfunction contributes significantly to disease. Major
technological advances are required to measure knee
forces in normal intact joints. The current bottlenecks
are primarily safety and durability of implantable sen-
sors. Noninvasive methods of measuring forces have
yet to be explored, but, if successful, will have a great
impact on the field.
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