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ABSTRACT

In terms of a mechanical description, the
human knee has typically been represented using the
open-loop Cylindrical-Cylindrical-Cylindrical
linkage. This linkage has a maximum of 6 degrees
of freedom. While this linkage has the capacity to
exhibit natural knee motion precisely, it requires the
user to define up to 6 independent motion parameter
ranges to achieve it. In comparison, achieving
natural human knee motion using a single degree of
freedom linkage could be a significant improvement
since the user is required to define only a single
motion parameter range. In this work, the
applicability of the spatial
Revolute-Revolute-Spherical-Spherical and  Four
Revolute Spherical linkages (both spatial four-bar
linkages having single degrees of freedom) for
human knee motion analysis and simulation are
evaluated.  Optimization models for the motion
generation of both linkages are applied to produce
linkage dimensions that achieve natural knee motion.
As an example, the dimensions of
Revolute-Revolute-Spherical-Spherical and  Four
Revolute Spherical linkages are calculated to achieve
a group of tibial-femoral positions over an average
walking cycle. These linkages are then modeled
and their motion simulated in a CAD-based
mechanical modeling environment.

INTRODUCTION

Conventional Linkage Representation of the
Human Knee

As engineers began to provide mechanical
descriptions to joints in the human body, studies were
being presented to help describe human joint motion

Paper Received August, 2019. Revised October, 2019, Accepted
February, 2020, Author for Correspondence: Wen-Tzong Lee.

Department of Biomechatronics Engineering, National Pingtung
University of Science and Technology, Pingtung, 91201, Taiwan.

in three dimensions. In 1983, tibial and femoral
coordinate systems and a coordinate System
transformation method were presented to facilitate
communication between engineers and surgeons
(Grood and Suntay 1983). The coordinate systems
presented in this 1983 work for the tibia and femur
are illustrated in Figure la. The Z-axis for both
bones was oriented on the mechanical axis of the
femur. The mechanical axis is defined as a line that
connects the centers of geometric features of the
respective bones.

The origin of each coordinate system is located
at the center points used in the creation of the
mechanical axis. Figure 1b includes the identification
of the signs for the rotations and translations along
with a linkage illustration showing how to position
one bone with respect to the other. By starting with
general transformation descriptions between two
objects, a method for describing the kinematics of the
femur and tibia in three-dimensional space was
produced (Grood and Suntay 1983). As a result,
the characterization of human knee motion can be
described by three principle rotations and translations
(enabling the accurate display of complex knee
motion).  As illustrated in Figure 1b, this motion
can be achieved by an open-loop

Cylindrical-Cylindrical-Cylindrical (or CCC) linkage
where each cylindrical joint achieves an in-plane knee
rotation and an orthogonal-to-plane knee translation
(thus utilizing up to 6 degrees of freedom).

£ Z

Fig. 1. () Tibia and femur coordinate systems and (b)
open-loop CCC linkage with tibiofemoral
motion references
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Current Challenges in In Vivo and In Vitro
Human Knee Motion Analysis and Simulation

The most common in vivo setting for human
motion analysis is in a gait lab, where the subjects are
instrumented with reflective markers (applied to the
skin) to track human motion. The chief
complication with this approach lies in the skin and
underlying soft tissue not being rigidly-fixed to the
underlying bones (Benoit et al. 2007). While
general human motion can be measured through skin
markers, measuring the exact spatial motion of
individual bones is difficult. Further, the already
imprecise human motion data (recorded using skin
markers) is made even more imprecise by
representing it in a single plane where general knee
motion traits such as external rotation, translation and

varus-valgus movement are not captured (Dennis et al.

2005).  Subsequently, it is impossible to obtain a
complete and accurate three-dimensional assessment
of knee motion using data that is recorded from
external skin-based markers and expressed in planar
space.

The limitations of the noted in vivo knee
motion measurement approach are not encountered in
cadaver-based in vitro testing. Here, a direct
marker-to-bone connection (rather than
marker-to-skin connection) is utilized-eliminating the
bone position error introduced by the motion of skin
and muscle tissue. Because an in vitro leg specimen
is used, a system of mechanical linkages, pulleys and
cables are employed to artificially support and actuate

the leg through flexion and extension (Belvedere et al.

2012).  While in vitro testing provides greater
tibiofemoral motion accuracy, artificially actuating a
cadaveric leg could introduce constraints that would
not exist under natural, living muscle and
tendon-based leg actuation (therefore introducing
error in artificial-actuated tibiofemoral motion).

Spatial Four-bar Linkages and Motion Generation

Planar linkages are restricted to motion in
2-dimensional space. Common examples of planar
linkages include the planar four-bar linkage and the
slider-crank linkage. In  comparison, spatial
linkages can exhibit motion in 3-dimensional space.
Two types of spatial linkages are considered in this
work due to their simple design and spatial
kinematics: the Revolute-Revolute-Spherical-Spherical
(or RRSS) and the Four Revolute Spherical (or 4R
Spherical) linkages. The RRSS linkage (Figure 2a)
is a four-bar spatial linkage where the driving link is
bounded by two revolute joints and the follower link
is bounded by two spherical joints. The 4R
Spherical linkage (Figure 2b) is a four-bar spatial
linkage where all links are bounded by two revolute
joints and these joints are oriented so that their axes
all continually intersect at a common point-the center
of the linkage sphere (Lee and Russell 2007). This
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common point of joint axis intersection constrains the
spatial motion of the 4R Spherical linkage to a
spherical surface. The RRSS linkage has 2 degrees
of freedom (although 1 degree of freedom, the
rotation of the follower link about its center axis
lengthwise, has no effect on its overall kinematics)
and the 4R Spherical linkage has a single degree of
freedom.

The objective in four-bar linkage motion
generation (a type of inverse problem in kinematics)
is to calculate the linkage dimensions required to
approximate a group of prescribed coupler link
positions (Lee and Russell 2018). In 2013,
optimization models were presented for both RRSS
and 4R Spherical linkage motion generation (Russell
and Shen 2013). With these models, the dimensions
for defect-free RRSS and 4R Spherical linkages that
approximate a group of prescribed spatial coupler link
positions are calculated. In this work, the prescribed
positions are tibial positions achieved over the human
gait cycle for an average specimen (Benoit et al.
2007).

Rerevolute joint
S-spherical joint

sphere center

ib)

Fig. 2. (8) RRSS and (b) 4R Spherical linkages

Objective and Motivation of Work

Due to the noted challenges associated with in
vivo and in vitro human knee motion analyses and the
level of involvement in prescribing knee motion using
the 6-DOF open-loop CCC linkage, this work
examines the potential of spatial RRSS and 4R
Spherical motion generation in achieving natural knee
motion.  As an example, the dimensions both
linkage types are calculated to achieve a group of
tibial-femoral positions taken over an average
walking cycle. These linkages are then modeled and
knee motion simulated with them in a CAD-based
mechanical modeling environment. This work is
intended to supplement existing knee analysis
methods by providing a means to conduct basic, but
realistic leg motion analyses in a CAD-based
mechanical modeling environment.

TIBIOFEMORAL MOTION DURING
GAIT

While human knee motion is comprised of
various daily-living activities (e.g., squatting,
climbing and descending stairs and kneeling), the
most common activity associated with knee motion is
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level-plane walking or gait. Researchers have
divided the human gait cycle into two phases; the
stance phase and the swing phase of gait (Gage et al.
1995). Because humans are bipedal, one leg is
grounded while the other is in travel in a gate cycle.
Also, because knee is loaded during the stance phase,
data is typically reported for this phase.  In 1995,
the tibiofemoral motion of subjects during gait was
presented (Benoit et al. 2007).  While the primary
purpose of this 1995 work was to determine the
accuracy of skin-based markers, it also provided in
vivo tibiofemoral motion data for the femoral and
tibial bones during the gait cycle. Figure 3 includes
a graphical representation of this data averaged while
a tabular representation (at 0, 25, 50, 75 and 100% of
the stance phase) is included in Table 1.
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cycle were measured. Figure 4 illustrates a 3-point
position tracker rigidly-affixed to the CAD model of
the femur. After defining the tibia and femur
coordinate systems in Figure la and displacing the
femur according to the Table 1 knee rotation and
translation values, the coordinates of points p, g and r
on the position tracker data were measured in spatial
Cartesian form.  Table 2 includes five femur
positions with respect to the tibia. These positions
represent the five stance phase instances in Table 1.
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Fig. 4. CAD model of femur and tibia (including
femur position tracker)

Table 2 Femur position tracker coordinates
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Fig. 3. Average human knee motion rotation and
translation plots during gait
Table 1 Average human knee translations and
rotations during gait
% Stance | Flex/Ex | IE '?ge/A]b AP | ML | sI
Phase [deg] |[degl] 91| om] | fmm] | [mm]
0 240 | 292 | 085 | 325|-068]| 245
25 1681 |-003| 215 | 258 |-3.16 | 581
50 775 |-127| 058 | 3.35 |-2.99 | 350
75 768 |-3.35| 0.32 | 241 |-360]3.20
100 36.92 |-1.30| 502 | 145 |-0.76 |15.05
EXAMPLES

Tibiofemoral Motion Tracking

Given the displacement relationships of the
femur and tibia during gait in Section 2, the precise
spatial positions of the femur and tibia during the gait

%
Stance p [mm] q [mm] r [mm]
Phase
0 —12.50, 55, 32.50, 55, 32.50, 55,
185.81 185.81 132.19
25 —12.45,39.11, 32.44, 36.02, 32.84, 40.88,
191.12 191.18 137.78
50 —11.99, 38.45, 32.73, 3353, 33.43, 38.38,
190.82 190.96 137.56
75 —-10.61, 7.42, 34.34,5.62, 33.75, 18.89,
197.24 196.26 14431
100 -1.50,-63.77, 43.39,—64.35, 40.88,—33.28,
196.57 193.57 149.94

RRSS Motion Generation and Knee Motion
Analysis and Simulation

Here, the dimensions for an RRSS linkage that
approximates the femur position coordinates in Table
2 are calculated. Figure 5 includes the dimensions
and link displacement angles for the RRSS linkage.
The dimensions are the spatial Cartesian coordinates
for joint locations ao, a1, bo, b1, the spatial coordinates
for the revolute joint axis unit vectors uag and ua.
The link displacement angles are the driving link (link

a, -a, in Figure 5) displacement angle 6 and the
coupler link (link a, -b, in Figure 5) displacement
angle a. Figure 5 also includes dimensions p1, g; and
ri. These are the Cartesian coordinates measured
from the femur position tracker (Figure 4), specifically,
the coordinates given in Table 2 at the 0% stance phase.
Because these coordinates are part of coupler link,
they are illustrated affixed to this link.

Russell and Shen presented a constrained
optimization model for the motion generation of
RRSS linkages (Russell and Shen 2013). Given the
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coordinates for a group of prescribed positions and
the initial values for each of the RRSS dimensions
and link displacement angles, the optimization model
calculates the optimum RRSS dimensions and link
displacement angles. Table 3 includes the initial and
calculated RRSS dimensions and link displacement
angles using the RRSS motion generation model.
This linkage is illustrated in Figure 6. Both the
femur position coordinates achieved by the calculated
RRSS linkage and the position error produced by this
linkage is given in Tables 4 and 5 respectively. The
position error in Table 5 is the scalar differences
between the prescribed (Table 2) and achieved (Table
4) femur position coordinates. The 1.1mm average
error in Table 5 is the sum of the scalar differences
(excluding the zero differences for the 0% stance)
divided by 36-the number of scalar differences.

To achieve femoral motion using the open loop
C-C-C linkage (Figure 1b), the user must define
values for each of its six degrees of freedom. In
comparison, the femur positions in Table 4 is
achieved by simply rotating the driving link (link
a, -4, in Figure 6) of the RRSS linkage over the

calculated driving link displacement angles (angles
02,~0s in Table 3). Figure 7 illustrates a CAD model
of the knee at 0% and 100% stance. In this model,
the femur is affixed to the RRSS coupler link and the
ground link (link a, -b, in Figure 6) is affixed to
the tibia.

Figure 8 is a plot of the coupler displacement
angle (o) versus the crank displacement angle (6)
over the given femoral motion range. This
illustrates that the RRSS linkage is free of circuit
defects (also called singularities) over the femoral
motion range.

Fig. 5. RRSS link

linkage dimensions and
displacement angles
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Table 3 Initial and calculated RRSS linkage
dimensions and link displacement angles

dimension and
unit

initial values

calculated values

ap[mm]
a; [mm]
bo [mm]
b;[mm]
uap [no units]
uay [no units]
62~ [deg]

Op~0ls [deg]

7.71,15.49,-6.55
7.86,—20.76, 10.09
-1.62,-14.11,-10.67
—12.18,-20.89, 9.60
10,0
1,0,0
55,55

10, 10, 10, 10

7.49, 14.90,-7.24
8.34,-23.01, 6.68
—2.02,-12.87,-10.27
—12.18,-16.55, 10.22
0.76,0.24, 0.61
0.99,-0.03,-0.15
1.01,1.11,2.77,6.91

4.77,5.22,12.75, 30.54

Fig. 6. Calculated RRSS linkage

Table 4 Femur position coordinates achieved by the
calculated RRSS linkage

%
Stance p [mm] g [mm] r [mm]
Phase
0 —12.50, 55, 32.50, 55, 32.50, 55,
185.81 185.81 132.19
25 —11.53, 37.39, 33.46 37.33, 33.35, 42.45,
191.98 191.88 138.50
50 —11.43, 35.71, 33.57, 35.64, 33.44, 41.24,
192.47 192.36 139.03
75 —9.40, 6.64, 35.591, 6.492, 35.17, 20.09,
198.51 198.11 146.24
100 —2.39,-63.93, 42.57,-64.05, 41.05,-33.02,
194.98 193.33 149.62
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Table 5 Femur position errors produced by the
calculated RRSS linkage (average error: 1.1mm)

% Stance
bhase p [mm] g [mm] r [mm]

0 0,0,0 0,0,0 0,0,0

25 0.92,1.72, 1.03, 1.31, 0.51, 1.57,
0.86 0.70 0.72

50 0.56, 2.74, 0.83, 2.11, 0.01, 2.86,
1.66 1.40 1.47

75 1.20, 0.79, 1.25, 0.86, 1.42,1.21,
1.28 1.85 1.94

100 0.89, 0.17, 0.82, 0.30, 0.17,0.26,
1.59 0.25 0.32

: £
alPastance | (gl at 100% stance (4" |
A A

Fig. 7. Tibiofemoral motion with RRSS linkage at (a)
0% stance and (b) 100% stance
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Coupler Link Displacement Angle o [deg]

i 3 5 i 5 6
Drriving Link Displacement Angle 6 [deg]
Fig. 8. RRSS coupler angular displacement (o) versus
crank angular displacement (0) over given
femoral motion range

4R Spherical Motion Generation and Knee
Motion Analysis and Simulation

Here, the dimensions for a 4R Spherical
linkage that approximates the femur position

coordinates in Table 2 are calculated. Figure 9
includes the dimensions and link displacement angles
for the 4R Spherical linkage. Like the RRSS
linkage, the dimensions are the spatial Cartesian
coordinates for joint locations ao, a1, bo, b1, the spatial
coordinates for the revolute joint axis unit vectors uag
and uai. The unit vectors uag and ua; however are
vectors from the sphere’s origin (which is the
coordinate system origin as illustrated in Figure 9) to
joint locations ao and a; respectively. Therefore the
unit vectors for the 4R Spherical linkage are

ua, =a,/|a,| and ua, =a,/|a,|. Like the RRSS
linkage, the link displacement angles are the driving
link (link a, -a, in Figure 9) displacement angle 0
and the coupler link (link a,-b, in Figure 9)

displacement angle o. Figure 9 also includes
dimensions p1, q: and rq- the coordinates measured
from the femur position tracker given in Table 2 at the
0% stance phase.

Russell and Shen presented a constrained
optimization model for the motion generation of 4R
Spherical linkages (Russell and Shen 2013). Given
the coordinates for a group of prescribed positions
and the initial values for each of the 4R Spherical
dimensions and link displacement angles, the
optimization model calculates the optimum 4R
Spherical dimensions and link displacement angles.
Table 6 includes the initial and calculated 4R
Spherical dimensions and link displacement angles
using the 4R Spherical motion generation model. This
linkage is illustrated in Figure 10. Both the femur
position coordinates achieved by the calculated 4R
Spherical linkage and the position error produced by
this linkage is given in Tables 7 and 8 respectively.
The position error in Table 8 is the scalar differences
between the prescribed (Table 2) and achieved (Table
7) femur position coordinates. Like Table 5, the
2.5mm average error in Table 8 is the sum of the
scalar differences (excluding the zero differences for
the 0% stance) divided by 36-the number of scalar
differences.

To achieve femoral motion using the open loop
C-C-C linkage (Figure 1b), the user must define
values for each of its six degrees of freedom. In
comparison, the femur positions in Table 7 is
achieved by simply rotating the driving link (link
a,-a, in Figure 10) of the 4R Spherical linkage

over the calculated driving link displacement angles
(angles 62~0s in Table 6). Figure 11 illustrates a
CAD model of the knee at 0% and 100% stance. In
this model, the femur is affixed to the 4R Spherical

coupler link and the ground link (link a,-b, in

Figure 10) is affixed to the tibia.

Figure 12 is a plot of the coupler displacement
angle (o) versus the crank displacement angle (6)
over the given femoral motion range. Like Figure 8,
Figure 12 illustrates that the 4R Spherical linkage is
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free of circuit defects over the femoral motion range.

Table 6 Initial and calculated 4R Spherical linkage
dimensions and link displacement angles

d;?; r:jsr:ﬁn initial values calculated values
ap [mm] 1,1,1 0.66, 0.50, 0.56
a; [mm] 1,1,1 0.93,0.33,0.17
bo [mm] 1,1,1 0.98,0.05, 0.17
b;[mm] 1,1,1 0.83,-0.14,—0.54
0,~05 [deg] 10, 10, 10, 10 —6.83,-7.79,-14.33,-23.33
a~as [deg] 10, 10, 10, 10 9.63, 11.21, 24.41, 52.86

Table 7 Femur position coordinates achieved by the
calculated 4R Spherical linkage

% Stance
bhase p [mm] g [mm] r [mm]
0 —-12.50, 55, 32.50, 55, 32.50, 55,
185.81 185.81 132.19
25 —12.50, 38.75, 32.46, 37.09, 33.03, 41.32,
189.87 190.21 136.76
50 —12.51, 35.75, 32.44, 33.90, 33.07, 38.93,
190.46 190.82 137.43
75 —12.22,7.83, 32.70, 5.35, 33.45, 17.90,
193.57 193.62 141.49
100 -7.27,-59.97, 37.70,-60.21, 36.53,-29.87,
183.13 181.77 137.57

Table 8 Femur position errors produced by the
calculated 4R Spherical linkage (average error:

2.5mm)
vostance | p [mm a [mm] r [mm]
0 0,0,0 0,0,0 0,0,0
25 0.05, 0.36,1.25 | 0.03,1.07,0.97 | 0.19,0.43,1.02
50 0.52,2.70,0.36 | 0.29,0.37,0.14 | 0.36, 0.55, 0.13
75 1.62,0.40, 3.67 | 1.64,0.27,2.64 | 0.30,0.98, 2.82
100 5.77, 3.79, 5.69, 4.14, 4.35, 3.40,
13.45 11.81 12.38
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Fig. 9. 4R Spherical linkage dimensions and link
displacement angles

Fig. 10. Calculated 4R Spherical linkage

at 0% stance j

at 100% stance

Fig. 11. Tibiofemoral motion with 4R Spherical
linkage at (a) 0% stance and (b) 100% stance
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Driving Link Displacement Angle 0 [deg]
Fig. 12. 4R Spherical coupler angular displacement
(o) versus crank angular displacement () over
given femoral motion range

DISCUSSION

While the examples in Section 3 only
considered the five femoral positions in Table 2, the
RRSS and 4R Spherical linkage optimization models
can accommodate an indefinite number of prescribed
positions (Russell and Shen 2013).  As given in
Tables 5 and 8, the average femur position errors for
the calculated RRSS and 4R Spherical linkages are
1.1 and 2.5mm respectively. A larger error is
produced by the 4R Spherical linkage because this
linkage restricts the spatial motion of the femur to
motion over a spherical surface. Since natural human
tibiofemoral motion is not spherical, the femur
position coordinates achieved by the calculated 4R
Spherical linkage (Table 7) are more inaccurate than
those produced by the RRSS linkage (Table 4).
Therefore, the 4R Spherical linkage will be excluded
from further discussion in this section. While the
RRSS is the more accurate of the two linkages, even
more accurate RRSS solutions than those in Tables 4
and 5 are possible by changing the initial values in
Table 3 or the solution tolerances in the RRSS
optimization model. The most accurate RRSS
linkage however cannot achieve the zero error motion
offered by the open-loop CCC linkage. On the other
hand however, in a CAD-based mechanical modeling
environment, the open-loop CCC linkage cannot
achieve the ease of use (for CAD model development)
offered by the RRSS linkage since the former
requires the user to specify the motion of six
parameters to control tibiofemoral motion. So the
effectiveness of the RRSS linkage for knee motion
analysis and simulation in a CAD-based mechanical
modeling environment depends on the tibiofemoral
position error allowable and the ease of use desired
for CAD model development and operation. The
error produced by the RRSS example (Table 5) is
small enough to make the linkage suitable for a broad
range tibiofemoral analyses and studies.  The
computer aided design and mechanical modeling
software used in this work to implement the
calculated RRSS and 4R Spherical linkage solutions

for tibiofemoral motion (Figures 7 and 10) is PTC
Creo.

CONCLUSION

Given 5 femur positions measured from an
average human gait cycle, the calculated RRSS and
4R Spherical linkages produced average femur
position errors of 1.1 and 2.5mm respectively.
Because the motion of a 4R Spherical linkage is
constrained to a spherical surface (and human
tibiofemoral motion is not) this linkage cannot match
the accuracy of the RRSS linkage. Neither linkage
can match the zero error motion produced by an
open-loop CCC linkage.  The user has to specify
the motion of six parameters to control tibiofemoral
motion for the open-loop CCC linkage while the
RRSS and 4R Spherical linkages only require the user
to specify the motion of a single parameter. Having
the user specify the motion of fewer parameters offers
greater ease of use for model development and
operation in a CAD-based mechanical modeling
environment. The effectiveness of the RRSS and 4R
Spherical linkages for knee motion analysis and
simulation in a CAD-based mechanical modeling
environment ultimately depends on the tibiofemoral
position error allowable by the user and the ease of
use desired by the user for CAD model development
and operation.
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