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The structural bionicism of the knee joint of an automobile crash dummy is an important factor affecting the accuracy of the
dummy’s knee displacement and knee flexion angle measurements in automobile crash tests. This study focused mainly on the
optimization of the bionic structure of the knee joint of an automobile crash dummy to ensure that the dummy has a kinematic
response closer to that of the knee joint of a real human. Forty sets of high-speed photographic images of the sphyrion were
acquired by performing a trajectory-measurement test at the lower tibial point. Subsequently, the high-flexion motion trajectory of
the knee joint was obtained by solving vector equations and by multicurve fitting. This trajectory, combined with the bionic
structure design method, optimized the structure of the existing dummy’s knee joint. Thereby, its motion can be altered from a
fixed-axis rotation to a non-fixed-axis curve motion close to how the human tibial plateau rotates around the femoral condyle. This
increases the degrees of freedom of the dummy’s knee joint from two to three. The knee joint structures before and after the
optimization were simulated kinematically using a multibody dynamics method. The results showed that the peak of the motion
trajectory deviation of the optimized sphyrion decreased from 3.7% to 1.9%, and the average deviation decreased from 2.0% to
0.2%. This indicates that the structural optimization scheme improved the motion bionics of the crash dummy’s knee joint.

1. Introduction

With the progress and development of technology and indus-
try, car ownership is increasing continuously, and road con-
ditions are becoming increasingly complex. The public’s
requirements for car safety are also increasing gradually [1].
According to statistics, the incidence of lower limb injuries is
second only to that of head injuries in traffic accidents from
the front. Furthermore, lower limb injuries can have long-
lasting adverse physical and psychological effects on indivi-
duals [2]. As the most complex joint in the human lower limb
structure, the knee joint is one of the most frequently injured
joints because of its anatomical structure and its mechanical
environment. Therefore, it is particularly important to opti-
mize the knee joint structure of dummies in automobile crash

tests and, thereby, obtain results of knee joint after crash,
which are more consistent with the laws of human motion
and response.

Structural bionic design mainly studies the design applica-
tions of the internal structural principles existing in organisms
and natural substances. It is highly suitable for mechanical
products. Currently, most structural bionic designs for knee
joints are used in the fields of sports, health,medicine, robotics,
and crash dummies.

Its application in the field of sports and health aims
primarily to optimize the kinematics and dynamics model
of the knee joint through the study of human gait, as well as
to more accurately evaluate the posture of human movement
and the stress state of the lower limbs. Bao and Willems [3]
performed kinematic modeling and parameter estimation of
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the human knee joint. They equated the human tibial plateau
to a straight line and the femoral condyle to an involute line.
Further, they verified the accuracy of their mathematical
model using gait analysis tests. Shu et al. [4] used a human
gait monitor to record the movement trajectory of the tibio-
femoral joint in healthy males. The test results showed that
the relative motion of the tibial and femoral condyles in
the sagittal plane was non-fixed-axis rotation. Protopapadaki
et al. [5] obtained the normal function parameters of human
lower limbs by designing a gait analysis test for going up and
down stairs, and the kinematic and dynamic responses dur-
ing the knee flexion process were studied, which provided a
research basis for theoretical joint modeling and bionic joint
design.

Applications in the medical field mainly include the
design of prosthetics and the improvement of artificial joints.
Azocar et al. [6] improved the kinematics and dynamics
bionic performance of prosthetics by extracting the kine-
matic trajectory of the knee and ankle joints using a com-
bined motor-driven pulley system and four-link structure.
Hood et al. [7] designed gait analysis experiments to obtain
accurate lower limb swing gaps during human walking and
used closed-loop adjustments to regulate the power and tor-
que of the motor at the knee joint of the powered prosthesis,
thus optimizing the maximum flexion angle of the bionic
knee joint. Finally, the dynamic response of the powered
prosthesis was close to that of the human standard.

In the field of robotics, bionic design is primarily used to
improve the motion and force performance of robots. Bin-
rui [8] designed a robot bionic knee joint using a four-bar
linkage mechanism. This structure can provide a higher
height for the foot from the ground under the same calf
flexion angle, and the dynamic characteristics are closer to
those of the human body. The bionic knee joint driver
designed by Shenshun et al. [9] can realize motion with
four degrees of freedom, and the variable curvature design
of the contact interface at the upper and lower ends of the
joint can effectively improve its mechanical performance.

In the field of crash dummies, there have been few studies
on the bionic structure design of knee joints in recent years.
A more representative study is that of Jaśkiewicz et al. [10],
who applied a resistance-adjustable bearing structure to the
bionic structure optimization of the Hybrid III dummy knee
joint. The optimized knee kinematics and dynamic response
of the dummy meet the multilevel adjustment function
required for dummies of different sizes.

These indicate that the application of the bionic design
method to the structural design of the knee joint can yield a
kinematic response closer to that of the human lower limb.
However, the existing design methods and structural models
are applied mainly to the field of robot active knee joints and
medical prostheses. Here, the complexity and precision of
the models render these inapplicable to the structural design
of the knee joint of an automobile crash dummy under
impacting load conditions. Based on this problem, this study
addressed the bionic performance deficiency of the knee
joint fixed-axis flexion motion of existing crash dummies.
It adopted a bionic design method to apply the curvature

center curve of the human tibia and femoral condyle relative
to the axis of rotation to the structural design of the knee
joint of an automobile crash dummy. Thereby, it could be
optimized to have a three-degree-of-freedom mechanism,
which is closer to the real human kinematic response. This
improved the accuracy of the lower limb data of the dummy
in the automobile crash test. The technical route of the bionic
knee joint structure optimization carried out in this study is
shown in Figure 1.

2. Materials and Methods

2.1. Analysis of Bionic Structure of Knee Joint Movement

2.1.1. The Constitution and Movement Mechanism of Human
Knee Joint. The knee joint is the most complex joint of the
human body. Four bones are distributed around it: the femur,
tibia, patella, and fibula. The meniscus distributed between
the femur and tibia plays a role in increasing the contact area.
In addition to bones, the entire knee joint is surrounded by
soft tissue ligaments. Among the four major ligaments of the
tibiofemoral joint, the anterior cruciate ligament (ACL) and
posterior cruciate ligament (PCL) provide 85% of the restrain-
ing force for an anterior displacement of the tibia when the
knee joint is flexed from 30° to 90° [11, 12].

Based on the structural composition of the knee joint, in
terms of tibiofemoral kinematics, the knee joint can rotate along
three axes and translate along three axes for six degrees of free-
dom: flexion–extension motion in the horizontal axis (motion
ranging from −15° to 135°), inversion–extraction motion in
the sagittal axis (motion ranging from−6° to 8°), internal and
external rotation motion in the vertical axis (motion ranging
from 25° to 30°), anteroposterior horizontal translation
(motion ranging from 10 to 15mm), lateral horizontal
translation (motion ranging from 2 to 4mm), and longitudi-
nal vertical translation (motion ranging from 2 to 6mm)
[13, 14]. These motions are shown in Figures 2(a) and 2(b).

Analysis of knee joint motion law under crash conditions

Design experiment to obtain the movement trajectory of sphyrion

Calculating the trajectory of tibiale by vector method

Te trajectory of the tibiale is transformed into the theoretical profle of
the cam mechanism 

Designing the mechanical structure of the kinematic bionic knee joint

Using kinematics simulation method to compare the sphyrion point
deviation before and afer optimization 

FIGURE 1: Design scheme of bionic knee joint.
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2.1.2. Kinematics of the Knee Joint Under Crash Conditions.
When a vehicle is involved in a head-on accident, consider-
ing the driver as an example, the transfer process [15] of the
impact force on the lower limb and form of motion includes
steps 1–3 for a total of three phases (see Figure 3).

Phase 1: Inertial body movement vi
*
causes the reaction

force of the left foot Fd to press tightly against the resting
footplate. The axial force on the left lower limb tibia Ftl
increases abruptly. This phase is shown in Figure 3(a).

Phase 2: Pedal pressure Fd increases until the left foot
locks out. The ankle then begins to rotate. The ankle-to-calf
pinch angle α gradually decreases. The knee pinch angle θ
decreases. The tibial flexion moment Mt increases. The axial
force Ftl decreases marginally. This phase is shown in
Figure 3(b).

Phase 3: The knee patella impacts the inner trim of the
wiring harness. The left ankle begins to lock longitudinally.
The tibial flexion moments and thigh axial forces increase
significantly. This phase is shown in Figure 3(c).

In phases 1 and 3, the kinematic characteristics of the
knee joint under forced force conditions differ from the
active motion state. This is because ACL plays a dominant
restraining role during an autonomous movement of the

human knee joint owing to the tendency of the tibia to
move forward. However, when the tibial plateau sustains a
violent impact, the shear load between the femur and tibia
increases, and the tibia has a tendency to move backward.
The PCL has the role of limiting the posterior displacement
of the tibia and is subjected to tensile load. Consequently, the
PCL plays a dominant restraining role and fractures when
the load attains its tolerance limit [11]. In addition, with the
increase in knee flexion angle, the tibial plateau generates
radial displacement along the swing trajectory when swing-
ing along the femoral condyle. Although the meniscus and
articular cartilage provide a buffer, this displacement exacer-
bates the tibial axial force. This, in turn, reduces the stability
of the tibial compression bar and increases the risk of fracture
[15]. Therefore, the focus needs to be on flexion and extension
movements, anterior and posterior horizontal translation,
and longitudinal vertical translation of the human knee
joint under head-on collision conditions.

2.1.3. Knee Joint Structure and Working Characteristics of
Existing Dummy. The structure and main components of
the existing Hybrid Ⅲ dummy’s knee include a kneecap,
knee displacement slider, and knee displacement sensor

Flexion/extension

Internal/external
rotations Superior/inferior

translation

Antero-posterior
translation

ðaÞ

Varus/valgus rotations

Medio-lateral translation

ðbÞ
FIGURE 2: Knee joint movement: (a) left view; (b) front view.

ντ

Ftl  ↑

Fd  ↑

ðaÞ

Mt   ↑

Ftl  ↓

Fd   ↑

α  ↓

θ  ↓

ðbÞ

Mt   ↑

Fd   ↑

Fo   ↑ Ff   ↑

ðcÞ
FIGURE 3: Collision process and movement form of lower limbs: (a) phase 1; (b) phase 2; (c) phase 3.
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(see Figures 4(a) and 4(b)). The knee displacement slider
consists of symmetrically distributed medial fixing fittings,
rubber shock absorbing blocks, lateral translation fittings,
and sensor brackets [4].

The rubber shock-absorbing block is bonded to the
medial fixing fitting and lateral translation fitting by vulcani-
zation. The medial fixing fitting and the outer translation
fitting can move relative to each other through slots within
a range of 0–18mm. The medial fixing fittings on both sides
are connected to the center hole of the kneecap through a
central bolt to form a rotating pair. The lateral translation
fittings are connected to the U-shaped fork of the tibia
through four bolts. This structure enables the dummy’s lower
leg to achieve two types of movements during the collision as
follows:

(1) When the initial stage of the collision occurs, the
dummy’s lower leg flexion angle θk increases gradu-
ally owing to the impact of the vehicle floor and the
dummy’s inertia. The center of swing rotation is at
the central bolt of the knee displacement slider Ok.
The oscillation trajectory is shown schematically in
Figure 5(a).

(2) The dummy’s lower leg produces a backward dis-
placement xk

*
perpendicular to the tibial axis when

the ankle is locked, the position is fixed, and the lower
side of the knee strikes the wiring harness trim plate
of the steering wheel. The trajectory of this motion is
shown in Figure 5(b).

The existing crash dummy’s knee joint design simplifies
the six degrees of freedom of the human knee joint to two
degrees of freedom. This can simulate the flexion motion and
anterior–posterior translation of the human lower leg rela-
tive to the thigh. However, according to the motion state of
the human lower limbs during the head-on collision in
Section 2.1.2, the flexion degrees of freedom along the horizontal
axis affect the flexion angle of the knee, the anterior–posterior
translation parallel to the sagittal plane directly affects the
PCL loading conditions, and the vertical component of the
relative rotation of the tibial plateau and femoral condyles
affects the axial loading state of the tibia. Therefore, it is diffi-
cult to accurately simulate themotion performance of the knee
joint in real collision events with the existing dummy’s knee
joint design scheme that simplifies the relative rolling and
sliding motion between the tibia and femoral condyle to
fixed-axis rotations [16]. Meanwhile, the tibial pressure and
tibial bending moment measured in the crash test are affected
to a certain extent owing to an insufficient consideration of the
degrees of freedom of the dummy’s lower limb motion state.

Kneecap

Knee displacement sensor

Knee displacement slider

ðaÞ

Lateral translation
fttings

Rubber shock 
absorbing block
(inside)

Sensor brackets

Fixing fttings

ðbÞ
FIGURE 4: Schematic diagram of Hybrid III dummy knee joint structure: (a) knee joint structure; (b) knee displacement slider structure.

Initial tibial position xk
⇀

Tibial position afer knee displacement

ðaÞ

Initial tibial position

Ok

θk

Tibial position afer fexion

⇀

ðbÞ
FIGURE 5: Schematic diagram of Hybrid III dummy knee joint movement: (a) flexion movement; (b) displacement movement.
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It can be observed that the design of the dummy knee
structure and the selection of the equivalent model directly
affect the form of motion, swing trajectory, and motion
bionic performance of the lower leg. The current knee bionic
structure design is categorized mainly into the following
three types [13, 14]. The first type is wherein the two-
dimensional motion of the medial knee joint is simplified to
be “cradle-like,” which is simpler, more reliable, and can
describe the form of movement in partial degrees of freedom
of the knee. The second type is a four-link mechanism with
the cruciate ligament as the main body, which has a high
degree of motion accuracy. However, its structural strength
is low owing to the complexity of the structure and instability
of the rod. The third type is a spiral axis structure to describe
the disorderlymotion of joint rotation and translation. It has a
high degree of motion bionic and motion accuracy. However,
it is difficult to withstand excessive impact loads because of
the more precise structure.

Therefore, the main structure of the crash dummymotion
bionic knee joint designed in this study would adopt the
first type of equivalent model mentioned earlier. The two-
dimensional motion curve is optimized through the bionic
data to make it closer to the swing trajectory of a real
human knee joint. The structure type is optimized to
make the bionic knee joint satisfy the three degree-of-free-
dom characteristics: anterior–posterior horizontal transla-
tion, longitudinal vertical translation, and flexion–extension
movement.

2.2. Knee Joint High-Flexion Motion Trajectory Construction

2.2.1. Trajectory Measurement Test of Lower Tibial End
Point. To make the designed knee structure of a dummy
both structurally realizable and human bionic, a tibial trajec-
tory measurement test was conducted in this study to obtain
the tibial plateau oscillation curve of a real human knee. To
ensure data consistency, 20 healthy male participants aged
18–30 years with similar physical characteristics were selected.
The average parameters are shown in Table 1.

(1) Selection and Marking of Tracking Points. It was dif-
ficult to track the swing trajectory of the tibial plateau directly
by adding marker points owing to the presence of a large
number of ligaments and muscles around the knee. Thus,
the experiment required the selection of easy-to-measure
points to obtain this trajectory curve indirectly. Based on
anthropometry, the tibial length is the tibial height minus
the sphyrion height at the 90° knee flexion. The axial com-
pression rate of the tibia under gravity is negligible, and the
tibia can be regarded as a rigid two-force bar. Therefore, the
swing curve of the tibial plateau around the femoral condyle

can be calculated by tracing the swing trajectory of the
sphyrion.

To obtain the marker points accurately, the participant
should sit flat on the measuring table. The table height
should be increased to obtain the appropriate position such
that the thigh is perpendicular to the lower legs. The instep is
placed flat on the footbed box. Two laser gradienters are
placed directly in front of and at an angle of 45° to the right
of the participant, respectively. Thereby, the intersection of
the horizontal laser line and plumb laser line is located at the
tibiale and sphyrion. Here, the tibiale is in the depression of
the patellar ligament below the patella of the bent knees. The
intersection point of the front horizontal laser and the side
plumb laser is defined as the projection point of the tibiale on
the inner lower leg. The point on the plumb laser line 10 cm
above the sphyrion is defined as the test auxiliary point. The
special marker for high-speed photography should be pasted
at the sphyrion, the auxiliary point, and the projection point
of the tibiale. This is shown in Figures 6(a) and 6(b). Here, ①
and ② are the trajectories of the sphyrion point and the
auxiliary point measured in the test, respectively; ③ is the
length of the tibia measured at the instant when the subject’s
lower leg is perpendicular to the ground; and ④ is the pro-
posed motion trajectory of the tibiale point obtained by cal-
culating the previous data.

(2) Acquisition of the Trajectory of Tracking Points. The
test was performed using high-speed photography. The cam-
era lens was at a distance of 5m from the participant’s pro-
jection point of the marked tibiale point. The three markers
on the left side of the tibial swing test platform constituted
the image reference. The adjacent interval of the marker
points was 20 cm. The subject needs to bend his lower legs
rapidly from the horizontal position to the limit to obtain the
complete motion process of the knee joint with high flexion.
The relative coordinates of the sphyrion point [7, 9, 17], the
auxiliary point, and the projection point of the tibiale in the
image reference coordinate system were captured continu-
ously by high-speed photography. The swing trajectory
curves of the three points can be obtained using the Falcon
high-speed motion image analysis software program. Each
participant was required to perform three tests. The test
process is shown in Figure 7. Forty sets of valid trajectory
curves were obtained by excluding the curves with large
fluctuations caused by irregularities in the test movements.

2.2.2. Knee Flexion Trajectory Acquisition.
(1) Trajectory Conversion from the Sphyrion Point.

According to the test results in Section 2.1, each set of test
curves contains the trajectories of the sphyrion point A, the
auxiliary point B, and the projection point C of the tibiale in

TABLE 1: The average parameters of the experimenters.

Height (cm) Weight (kg) Sitting height (cm) Tibia length (cm) BMI

Average 176.2 78.6 89.4 35.3 22.7
Max 179.9 81.5 91.2 36.7 24.1
Min 173.8 68.6 87.3 34.4 21
Maximum relative error 1.36% 12.7% 2.34% 2.5% 7.5%
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the swing cycle of the lower legs of a participant. Comparisons
should be aligned with the same characteristic point of the
trajectory to ensure that the trajectories of the sphyrion points
are comparable and that their shapes are invariable across
participants. According to the definition of point C, signifi-
cance exists if and only if the participant’s femur is perpendic-
ular to the tibia, i.e., jA1C1

��!j is the length of the participant’s
lower leg. In the remaining time, the flexed knee results in a
large amount of displacement of the ligaments and skin
around the kneecap. Consequently, point C is not located on
the extension line of AB

�!
. Therefore, the coordinates of

point C at the instant when the participant’s femur was
perpendicular to the tibia were selected as the origin refer-
ence to establish a new coordinate system with the coordi-
nate origin O xO;ð  yOÞ and the direction of the coordinate
system parallel to the image reference system (see Figure 8).

After converting the 40 sets of valid trajectory curves of
sphyrion point into theoretical tibiale point curves, the por-
tion of the curve outside the 0°–135° swing range was
cropped. A multicurve fitting was performed with the fitting
process shown in Figure 9. In the figure, under the new
coordinate system, C0 point is defined as the theoretical

tibiale point. Furthermore, C0 coincides with C if and only
if the participant’s femur is perpendicular to the tibia. The
coordinates of the sphyrion point at any instant during the
test are set as A1 xA1;ð  yA1Þ. The coordinates of the auxiliary
point at that instant are set as B1 xB1;ð  yB1Þ. Thus, the coor-
dinates of the theoretical tibiale point C0 at any instant are
shown in Equation (1).

OC0
1

��! ¼ OA1
��! þ A1B1

��!
jA1B1j

⋅ jAC0
1

��!j: ð1Þ

The following results were obtained using a five-fold
polynomial fitting:

y ¼ 3:153x þ 122:040x2 þ 1896:149x3 − 295:976x4

−221328:090x5 þ 0:443

ð2Þ

The theoretical tibiale point was always in the same hor-
izontal plane as the subject’s true tibiale point. Consequently,

High-speed image acquisition system Tibial swing test platform

Data acquisition
computer 

Te horizontal distance from the lens to the
point to be measured is 5 m 

Tester’s lower leg

Height adjustable sitting
test bench  High-speed camera

FIGURE 7: High-speed photography scene construction.

Auxiliary point Sphyrion
point 

10 cm

Projection point of
the tibiale 

1

3

4

2

ðaÞ

Auxiliary
point 

Sphyrion
point 

10 cm
X axis

Y axis Projection point
of the tibiale  

ðbÞ
FIGURE 6: Marker positioning method: (a) experimental schematic; (b) experimental scene.
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the resulting curve was the high-flexion trajectory of the knee
(see Figure 10). The right end point of the curve is the start-
ing point of the swing of the tibiale point in the sitting posi-
tion, which corresponds to the average coordinates of the
tibiale point at the instant when the lower leg is parallel to
the ground in the test data. The left endpoint is the ending
point. It corresponds to the average coordinates of the tibiale

point at the instant when the lower leg is flexed to the limit
position in the test data.

2.3. Optimal Design of Bionic Knee Joint Structure

2.3.1. Tibial Swing Bionic Curve Design. Considering the
mechanism motion law, by adding the cam mechanism
[18] with the bionic curve of the tibial swing as the actual

Tibial length

Auxiliary point marker B1

Sphyrion point marker A1 

Teoretical tibiale C 1́ 
Femur 

X 

Y axis

FIGURE 8: Schematic diagram of multitrajectory curve coordinate system transformation.

Get the length of at any time

Tibiale point marker C

Align all curves based on tibiale point C' (90° state) 

Eliminate singularities

Clip out-of-range data

Obtain the projection point trajectory of tibiale point C (C') by
polynomial ftting 

Auxiliary point marker B Sphyrion point A

When the angle between 
the tibia and femur is 90°

AB

Get tibia length AC'
→

AC'
→

AB
→

AB
→

OC' = +
→

OA ·
→

AB
→

→

FIGURE 9: Curve fitting flowchart.
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contour and the sliding bar mechanism and rocker mecha-
nism for increasing the degrees of freedom for the tibial
displacement, the new structure can both satisfy the knee
displacement measurement of the existing dummy and
achieve the knee flexion bionic motion. A sketch of the
mechanism motion is shown in Figure 11.

The form of motion of the active end of the cam mecha-
nism of tibial swing is fixed-axis rotation. The formation of its
theoretical contour requires the determination of the radial
offset within the working range of the cam. The high-flexion
trajectory of the knee joint obtained in Section 2.2 was
transformed into the polar coordinate form, as shown in
Equation (3).

r sin θ¼3:153r cos θþ122:040r2 cos2θþ1896:149r3cos3θ

−295:976r4cos4θ−221328:090r5cos5θþ0:443;

ð3Þ

where θ is the polar angle of the knee flexion trajectory in the
polar coordinate system and r is the instantaneous radius of
rotation at different θ θ 2 0;ðð  3=4πÞÞ.

Considering rb = 38mm as the radius of the base circle
of the cam mechanism, the theoretical contour of the cam

mechanism in the range of 0°–135° was obtained, as shown
in Figure 12.

A schematic diagram of the movement trajectory of the
dummy’s knee joint applying this cam mechanism is shown
in Figure 13. Here, r0 and rθ are the instantaneous radii of
rotation of the tibia point around the center axis of the
kneecap for the existing and structurally optimized dum-
mies, respectively.

2.3.2. Mechanical Structure Design. The bionic knee structure
of a crash-test dummy is mainly composed of two parts: knee
displacement assembly and tibia assembly. Their 3D-rendered
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FIGURE 10: Fitting curve of tibial upper point motion trajectory.
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FIGURE 11: Motion diagram of dummy knee joint mechanism.
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view is shown in Figure 14. The kneecap is the carrier of the
entire joint. The guide tracks are arranged symmetrically in the
depressions on both sides to simulate the knee flexion motion
trajectory. In order to ensure the replaceability of the new
structure, the overall size of the kneecap is basically the same
as that of the current dummy. And it is consistent with the
positioning of the mounting hole of the femoral force sensor
and the threaded hole. The knee displacement assembly is
assembled symmetrically on both sides of the kneecap, with
a fixed end andmobile end on each side. This is to measure the
relative displacement of the two, and thereby, determine the
knee displacement of the knee joint along the horizontal axis.
The tibial assembly is embedded in the slots of themobile ends
on both sides of the knee displacement assembly. The tops of
the two ends form mobile pairs by means of guide arms and
kneecap guide tracks. These achieve the bionic flexion motion
of the knee joint of the dummy. The knee flexion angle can be
calculated by measuring the displacement of the axial motion
of the tibial assembly.

(1) Design of Knee Displacement Assembly. The knee dis-
placement assembly consists mainly of the inner and outer
knee displacement slider assemblies and the knee displace-
ment sensor, as shown in Figure 15. The outer knee displace-
ment slider assembly includes the outer fixed slider, outer
moving slider, outer rubber shock absorbing block, knee
displacement sensor bracket, and knee displacement sensor.

The stabilizing arm of the outer moving slider and the
slide rail of the outer fixed slider form a moving pair. This
enables the two to produce relative displacement along the
axis of the slide rail direction. However, these cannot undergo
relative motion along the normal direction. Consequently, the
two adopt a clearance fit. A rubber shock-absorbing block is

placed in the gap between the fixed slider of the mobile slider.
The three are bonded by vulcanization to form a knee dis-
placement sliding system. The central fastening bolt (whose
total length does not exceed the sum of the thicknesses of the
inner and outer fixed sliders and the central surface of the
kneecap) is used to assemble the two components on both
sides of the kneecap through concentric through-holes in the
center of the knee displacement slider assembly and the end
surface of the knee. After appropriate preloading, the bilateral
knee displacement slider assembly can be rotated about the
axis of the through-holes. Meanwhile, the length of the central
fastening bolt ensures that it does not interfere with the trans-
lation of the bilateral knee displacement sliders.

The knee displacement sensor bracket is bolted to the
front end face of the outer fixed slider. The line displacement
sensor is mounted to the lower end face of the outer moving
slider. The sensor lasso end is fixed to the top of the bracket
sensor. In order to ensure the versatility of the existing sen-
sors, the sensor installation aperture and relative position
provided by the structure are consistent with the current
dummy. When the two sliders are displaced relative to
each other along the slide axis direction, this line displace-
ment sensor can record the displacement data in the time
domain. It is used to simulate and calculate the sliding of the
tibia and femoral condyles along the sagittal plane of the
passenger in the vehicle.

(2) Design of Tibial Assembly. The tibial assembly consists
of a kneecap and tibial connector, as shown in Figure 16. It
consists of a U-shaped fork, bilateral guide arms, bilateral
preload adjustment bolts, bilateral slider covers, and PCL
simulator springs.

In order to keep the initial position of the tibiale point in
the new structure consistent with that of the current dummy,
the distance from the initial rotation center of the U-shaped
fork to the bottom surface is designed to be equal to the

Knee motion trajectory

Center of tibial swing

ðaÞ

Knee instantaneous
radius of rotation 

ðbÞ
FIGURE 13: Cam mechanism theoretical profile: (a) existing dummy knee joint motion form; (b) knee joint motion form after structural
optimization.

Kneecap

Tibia assembly

Knee displacement
assembly

FIGURE 14: Overall structure design of bionic knee joint.

Fixed slider

Knee displacement
sensor bracket 

Rubber shock
absorbing block 

Knee displacement
sensor

Moving slider

Central bolt

FIGURE 15: Knee displacement assembly structure.
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length of the current dummy. The bilateral slider cover plates
are bolted to the outer surface of the mobile slider in the knee
displacement assembly. This plane is the working surface of
the U-shaped fork. It forms a “C-shaped” mobile slot of the
tibial joint connector in conjunction with the front and rear
shoulders of the mobile slider. Thereby, the U-shaped fork
can move in the slots in the direction of restraint while
swinging with the knee displacement assembly. The guiding
arm is a G-shaped metal block bent toward the central sym-
metrical surface of the kneecap. It is bolted to the spring
cover and U-shaped fork on the outside. The curved top
surface on the inside is tangential to the guiding track
arranged symmetrically in the depressions on both sides of
the kneecap so that the U-shaped fork is permitted to oscil-
late while the top surface of the guiding arm presses against
the guiding track to form a bionic knee curve sliding. The
lower end of the PCL simulating spring is mounted in the
spring seat. The upper end extends into the cylindrical sur-
face formed by the spring cover and U-shaped fork. The top
is in contact with the preload adjusting bolt. The guiding
groove of the slider cover ensures that the spring undergoes
stretching motion only in the axial direction.

3. Results and Discussion

3.1. Kinematic Analysis

3.1.1. Simulation Model Building. A kinematic model of the
dummy’s knee joint with the geometric parameters as the
parameters were established to verify whether the motion
law of the structurally optimized dummy’s knee joint satisfies
the design requirements. The change law of the correspond-
ing coordinates of the sphyrion point with time was studied
using the multibody dynamics method. A spatial coordinate
system was established with the outer side of the central hole
of the knee bone of the dummy as the positive X-axis direc-
tion, the outer side of the femoral joint hole as the positive
Y-axis direction, and the upper side of the knee bone as the
positive z-axis direction.

Theflexionmotion of the knee joint is themainmotion state.
Only relative rotation occurs between the knee displacement
assembly and the kneecap. It can be considered a rotation

pair with one degree of freedom. Only relative sliding occurs
between the knee displacement fixed slider and the translation
slider. These can be considered a sliding pair with one degree
of freedom. Both relative sliding and rolling occur between
the guiding arm and kneecap. These can be considered a
cylindrical higher pair with four degrees of freedom. Only
relative sliding occurs between the tibial U-shaped fork and
the knee-displacement assembly. These can be regarded as a
sliding pair with one degree of freedom. When the tibia
assembly is in the swing state, the kneecap is the central
component of the mechanism. It is connected to the ground
as the frame. The coordinate system and constraint settings
are shown in Figure 17.

3.1.2. Simulation Results. The projection point P of the origin
O of the coordinate system in the 90° flexion state of the
dummy’s knee at the lower end face of the U-shaped clamp is
considered the starting point. The point Q is set with the
offset distance L along OP

�!
direction as the tracking point

of the kinematic. This is shown in Figure 18. Here, L is the
average tibial length of the participants in Section 2.1.

X axis
Y axis

Z axis

Translational

TranslationalRevolute

Fixed

Point curve

FIGURE 17: Kinematics simulation constraint establishment.

L

O

P

Q

X axis
Y axis

Z axis

FIGURE 18: Kinematics simulation tracking points.

U-shaped fork Spring
seat bolt

Spring seat

Bilateral preload
adjustment bolts 

PCL stifness
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Bilateral
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Tibial displacement
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slider covers

FIGURE 16: Tibial displacement assembly structure.
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Considering that the initial angle of the human knee in
the vehicle driving posture model is generally larger than 30°
[19], the range of the input parameter (the polar angle of the
knee flexion trajectory) is selected from 30° to 135°. Among
these, region 1 is the active motion range of the low flexion of
human knee joint, θ 2 30∘;ð 110∘Þ, and region 2 is the passive
motion range of the high flexion of human knee, θ 2 110∘;ð
135∘Þ. The comparison of the swing trajectory of the sphyr-
ion point before and after optimization is shown in
Figure 19.

The deviation of the dummy’s tibial swing trajectory
relative to the human lower leg swing trajectory was calcu-
lated separately for the existing dummy and the dummy with
optimized structure at an equal polar angle. The results are
shown in Figure 20. The peak deviation of the trajectory of

the existing structure is 3.7%, with an average deviation of
2.0%. The peak deviation of the trajectory after the structure
is optimized is 1.9%, with an average deviation of 0.2%.

Admittedly, this study is limited by the fact that the sample
processing with a long period and the calibration test equip-
ment do not meet the needs. This paper only verifies the
effectiveness of the model for improving the bionic perfor-
mance of the crash dummy’s knee joint through kinematics
simulation. At present, we are conducting 3D-printing verifi-
cation of the model and will carry out sample trial production
and relevant calibration experiments soon. The model was
further verified to improve the dynamic performance of the
dummy’s knee joint, and the repeatability and reproducibility
of the measured results of the component were tested.

4. Conclusions

(1) In this study, the structural differences between exist-
ing automobile crash dummy’s knee joints and real
human knee joints were identified and analyzed.
Combining this with the motion forms of the knee
joints under crash conditions, the study applied
bionic structural design methods, the cam mecha-
nism, the sliding bar mechanism, and the rocker
block mechanism to optimize the structure of a crash
dummy’s knee joint. Thereby, the two degrees of
freedom model of the existing dummy’s knee joint
was optimized to three degrees of freedom, and the
motion bionic structure was improved.

(2) By designing a measurement test of the swing trajec-
tory of the lower tibial point in the human sitting
posture, 40 sets of motion trajectories of the sphyrion
point and the auxiliary point swinging from the hori-
zontal to the 135° high-flexion position were recorded
using high-speed photography and supporting facili-
ties. The swing curve of the knee was obtained by
solving vector equations and using amulticurve fitting
algorithm. The curve was used for the theoretical con-
tour design of the cam mechanism of the bionic knee.

(3) The kinematic simulation analysis of the knee joint
structure of the dummy before and after optimiza-
tion using the multibody dynamics method revealed
the following: by optimizing the fixed-axis rotation of
the existing dummy’s knee joint into a non-fixed-axis
curve motion with bionic performance, the peak devi-
ation of the motion trajectory decreased from 3.7% to
1.9%, and the average deviation decreased from 2.0%
to 0.2%. Furthermore, a significant decrease in the
degree of deviation of the high-flexion phase could
be observed. The improved design of the knee joint
structure enhances the bionic characteristic of the
knee joint motion of the crash dummy.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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