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This article presents experimental test results for joints used in a
biomimetic bipedal robot. In this work, magnetic resonance
imaging (MRI) and computed tomography (CT) scans are utilized
to inform the design of joints of similar size and function to the bio-
logical counterparts. Three lower body joints, to be actuated by
artificial muscles, were designed and constructed. Then the range
of motion and passive stiffness were tested. The knee joint consists
of a four-bar mechanism that provides increased extensor moment
arm as the joint becomes more flexed, a “screw home” locking
mechanism analog, and large contact surfaces for force distribu-
tion. The hip, ankle, and foot are hybrid hard-soft joints, consisting
of a ball and socket held together with an outer, inflatable sleeve
made from a braided pneumatic actuator (BPA) material. These
Joints provide a novel way for real-time stiffness adjustments and
energy storage during the gait cycle. Results show that the physical
knee prototype matches the previous simulation of joint movement
(Steele, A., Hunt, A., and Etoundi, A., 2018, “Biomimetic Knee
Design to Improve Joint Torque and Life for Bipedal Robotics,”
Bristol, UK.). A linear relationship exists between the increase in
angle and the force required to bend the hybrid joints. First, this
article documents a process that others may use to develop their
own joints. Second, the range of motion and passive forces in the
hybrid hard-soft joints is characterized, which will enable improved
control of the joints and inform other researchers to whether a
hybrid joint design is appropriate for their applications. This
process has several applications in prosthetic designs and robotics.
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1 Introduction

Human balance and locomotion control is highly complex and not
well understood. Circuits within the spinal cord generate stepping
motions and distribute control to the various muscles in the
body—sensory feedback helps coordinate those motions and maintain
balance, and high-level control directs motions. Knowledge about
these systems is most frequently gained through behavioral experi-
ments, either of humans performing specific actions or through gener-
alization of neural circuit experiments performed on other mammals
such as mice and cats. This knowledge is then formalized into
neural and control models, which must then be tested in either simula-
tion or on robotic systems to determine their validity [2].

For testing, simulations and robots play complimentary roles.
Changes to both a mathematical model and its control system can
be implemented quickly in simulation. However, object interaction
and ground contact are difficult to simulate with enough accuracy.
Therefore, bio-inspired robots help us study how these interactions,
i.e., the basis of locomotion, influence neural control [3,4]. Several
humanoid bio-robots have demonstrated how the unique muscula-
ture and bone arrangement of the human body provides natural
dynamics that may simplify control. For example, Asano et al.
used human proportions and muscle arrangements to build a
robot that had similar body proportions and abilities of the
average human; by focusing on mimicking the human foot, the
robot was able to use its toes for stabilization, similar to humans
[5]. Other examples of insights gained from biomimetic robots
include designing robots to perform everyday tasks like getting
out of a vehicle [6]. Shin et al. tested a humanoid robot to gain
better understanding of how the muscles around the pelvis contrib-
ute to the stability and adaptive capabilities of bipedal locomotion
[7]. Asano et al. demonstrated how the human knee improves loco-
motion and reduces power consumption [8].

These robots have been very successful at demonstrating some
control strategies; however, there are many simplifications in their
designs that limit the types of control questions they might
answer. For example, it is difficult to capture both the
ball-and-socket joint of the hip [9] and the unique changing
center of rotation of the knee [10] without advanced manufacturing
capabilities. Robotic joints that are not directly driven by a motor
are also typically designed to be as frictionless as possible so as
not to interfere with the controller, yet most human joints have
passive stiffness and damping associated with them. It is our
hypothesis that a more accurate and complete robotic model of
human kinematics and kinetics is required to fully understand the
human neural control system, which evolved to control a human
muscular system, not motors.

This article presents the development of the “bones” of a new
robotic system that more closely matches the kinematics and
passive dynamics of the human skeletal system when compared
to other humanoid robots (Fig. 1). Novel advances of this robot
include the use of medical scans to produce a robotic model, the
inclusion of joint stiffness in the synovial joints, and detailing of
novel knee joint. To match the kinematics, computed tomography
(CT) and magnetic resonance imaging (MRI) scans were used to
produce 3D models that interact using similar sliding and rolling
motions as in the human skeleton. The 3D models are then
printed using a multi-material printer that is capable of utilizing con-
tinuous carbon fiber, producing robot parts that capture the anatom-
ical accuracy of the body and can stand up to the stresses of robotics
research. In addition, attempts were made to capture joint stiffness
and range of motion (ROM) associated with synovial joints at the
hip and ankle. This article details the design process then deter-
mines the kinematic and kinetic properties of the 3D-printed
robotic skeletal system.

2 Materials and Methods

2.1 Overview. The design process for each joint in the robot is
as follows: first, medical CT and MRI scans of healthy subjects that
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Fig.1 The fully assembled bipedal robot seen anteriorly without
inflation of the synovial joints

match the desired robot size were identified and converted to solid
surface .stl files for each “bone” in the joint. Then, for each bone,
the resultant surfaces were simplified and smoothed to ensure
proper mating between the two surfaces. Next, the bones were com-
bined in a sOoLIDWORKS® assembly, and motion between them was
simulated. Additional mechanical features were added to the
bones to limit or improve ROM and stability. After simulations,
the models were 3D printed for physical testing and assembly
into the complete robot.

2.2 Medical Scans to 3D Model Process. CT scans and MRI
scans were used to develop the joint models. CT scans use multiple
X-rays taken at different angles to produce cross-sectional images.
These scans are exceptional for looking at bones, but do not provide
a clear picture of soft tissues without the aid of contrast. MRI scans
use strong magnetic fields, radio waves, and field gradients to gen-
erate cross-sectional images. MRI scans are excellent at detecting
slight differences in tissue and are better for visualizing tendons
and ligaments, but the visible soft tissues make it difficult to localize
bone. Therefore, both scan types are necessary to develop a clear
understanding of the bone structures and kinematics.

Medical scans in the form of Digital Imaging and Communica-
tions in Medicine (DICOM) files were obtained from two different
sources. The first by using 3D sLICER software, which searches an
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open-source repository called Medical Connections Activation
[11]. The majority of the scans were obtained from the second
source, an open-source biomedical 3D printing community called
embodi3d where anonymized raw medical scans were downloaded
[12]. At the time of the Medical Connections Activation database
query, there was no complete set of joints in both scan types from
a single healthy subject. Therefore, several different scans of each
type were obtained for each joint from healthy male subjects and
ranked using the following criteria: (1) preference was given to
files of persons that fell into the same age, height, and weight
range to minimize the differences between scans, and (2) the slice
thickness needed to be as small as possible to maximize the fidelity
of the 3D model [13].

The process of turning medical scans into a 3D model using 3D
SLICER is outlined in Fig. 2 and described next. 3D SLICER was chosen
because it is capable of processing both CT and MRI scans. It parses
the different scans and acquires measurements of tendons directly
from the joints themselves.

First, the chosen medical scans in DICOM format were imported
into the 3D sLIcER software (Fig. 2(a)). The software automatically
assembles the scans into a model by organizing the scans. Next, the
threshold tool was used to automatically select and label sections of
each layer of the scan within upper lower contrast bounds
(Fig. 2(b)). The software cannot ensure its selections are contiguous
and often selects unwanted tissues outside the bone. Corrections to
the model were made through manual segment verification
(Fig. 2(c)). This step ensures the correct areas of the scan are
selected; however, it requires manual fixes to any discontinuities
or erroneous selections. After verifying the proper areas are
selected, the selections were converted in the software into a 3D
model (Fig. 2(d)). Each layer is made 3D by extruding the image
to the thickness of the MRI or CT scan slice thickness, in this
case 1 mm.

Next, the model was smoothed. Figure 3 shows an overview of
how the model is finished. The model was exported from 3D
Slicer and into MEsH MIXER (Fig. 3(e)) [14]. This software smooths
the scans by determining and maintaining tangent continuity
(Fig. 3(f)). Tangent continuity occurs when two curves share a
common endpoint and are tangent to one another at that point. A
high-fidelity model that limits deformation from this process is
created by maintaining tangent continuity preferentially over

A Import DICOM file

B Use Threshold Tool

C Verify segments

i

D Create Surface

Fig. 2 Overview of creating a solid model using medical scans
via the 3D sLicer software. After importing the model into 3D
sLICER, the threshold tool is used to select bones automatically.
The automatic selection is then manually corrected and then
extruded.
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Fig. 3 The 3D sLicer model is smoothed by using the tangent
continuity tool in mesh mixer and exported for use in soLIDWORKS

other smoothing operations where “flattening” or oversmoothing
effects could occur. Finally, the file was exported as a .stl file

(Fig. 3(2)).

2.3 Leg Components

2.3.1 Pelvis. The pelvis consists of the sacrum, coccyx, and
hip bones. In the human skeletal system, these bones are connected
by several thick ligaments [15]. These flexible connections help the
hip absorb impact loading when walking and running, which leads
to a more energy efficient gait [16]. To take advantage of these same
properties, our design includes the three separate bones, with the
sections connected using braided pneumatic actuators (BPAs)
(Festo DMSP-20) [17]. After the initial 3D model was developed
based on the process described earlier, a flange was added to the
bones to enable connection of 20 mm BPAs, and internal cavities
were added to allow inflation of all three of the connection points
through one valve port. When inflated, these actuators provide
some compliance, but remain relatively stiff. The stiffness of this
can be adjusted by changing the internal pressure, although this is
not explored in this article.

2.3.2 Hip. The hip joint is a ball-and-socket joint where the
femoral head of the femur is the ball, and the acetabulum of the
pelvis creates a cup-like depression in which the femoral head fits
[18]. To simplify design and construction, the ball-and-socket
was modeled as a perfect sphere with a radius of 18.41 mm, slightly
smaller than the average adult male 24.53 +1.74 mm [19]. The
ROM of the hip varies with age and gender. The average ROM
for the adult male in the United States can be seen in Table 1
[20,21].

The hip joint is a synovial joint. A synovial joint is characterized
as a joint that is surrounded by a joint capsule—a dense and fibrous
structure that is like a tendon—which forms a sleeve around the
joint. Stiffness in this structure is thought to be the primary way

Table 1 Maximum range of motion for the hip joint in a healthy
adult male given in deg

Flexion 120 deg
Extension 12 deg
Adduction 51 deg
Abduction 61 deg
Internal rotation 32 deg
External rotation 36 deg
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the body reduces the need to activate muscles to help remain
upright [22,23]. To replicate this stiffness, the ball-and-socket is
surrounded with a BPA and the system is pressurized. Results for
different pressures and the effect on joint stiffness are presented
and discussed later. The socket of the designed hip was created
asymmetrically so that the BPA could be clamped tightly enough
to create a reliable seal.

2.3.3 Femur. The femur has several different geometric
parameters that affect the strength of the bone [24,25]. One consid-
eration for the femur is the quadriceps angle (q-angle). The g-angle
is the angle formed by the femur and the hip relative to the ground
as shown in Fig. 4(a). It is defined as the angle between a line
formed by the resultant force of the quadriceps, made by connecting
a point between the anterior superior iliac spine to the midpoint of
the patella and a second line from the central patella to the tibial
tubercle [26]. Forces applied via the quadriceps muscle to the
patella are reduced as the g-angle is increased; however, as this
angle increases, the risk factor for patellar dislocation and femur
fracture increases [27]. While g-angle differs between subjects
and age, for healthy men between 18 and 35 years, the average
g-angle is 13.5+4.5 deg. For females, the g-angle is larger: 18.1
+4.5 deg is considered the healthy range for subjects between 18

Tibial
Tubercle

Femoral Neck
Length

Femoral Shaft Axis

Fig. 4 Geometric considerations for designing the hip joint and
head of the femur: (a) The quadriceps angle (g-angle) is the angle
the quadriceps muscle attaches to the patella and is measured
using the anterior superior iliac spine, midpoint of the patella,
and the tibial tubercle and (b) Narrow neck width is measured
at the narrow point of the femoral neck. The femoral neck
length is determined by the center of the femoral head to the
intersection of the neck-shaft axis and the femoral shaft axis.
Finally, the neck-shaft angle is the angle between the neck-shaft
axis and the femoral shaft axis. These variables are important for
design consideration because in humans, they are markers for
fracture.
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and 35 years [26,28]. The g-angle chosen for this robot is 15.75 deg,
which is within the average range for the male g-angle.

Other geometric considerations are shown in Fig. 4(b). They
include the femoral neck length, the narrow neck width, and the
neck-shaft angle. The neck of the femur is especially at risk of frac-
ture due to the cyclical loading conditions during walking. To reduce
the risk of fracture, one may assume that a large neck width would be
preferable. However, despite conventional wisdom, there is evi-
dence that a larger neck width could increase risk of fracture as
there is an interplay between the angle of the shaft, shaft width,
and neck length [29]. The joint geometry in our design comes
from the median values of an adult male, not directly from the
medical scans [30]. The values used are as follows: femoral neck
length=26 mm, narrow neck width=28 mm, and neck-shaft
angle =130 deg.

2.3.4 Knee. The human knee is one of the most complex joints
in the human body, containing 6 degrees-of-freedom (DOF)
[31,32]. The average maximum extension of the knee in adult
males is 2.5 +2.9 deg, while the average maximum flexion in the
adult male knee is 137.5+9.6 deg [33]. This gives the knee a
total ROM—for both flexion and extension—140 deg. The knee
has been modeled several different ways, using kinematic data, in
vivo studies, and even ex vivo studies [34—38]. Our method uses
in vivo data to create a 3D model to extract the underlying geometry
and kinematics.

The design only models the prominent DOFs involved in loco-
motion: flexion/extension and axial rotation. In addition, the joint
rotations are decoupled such that flexion/extension occurs proximal
to axial rotation. A four-bar mechanism is used to capture the
changing center of rotation that occurs during flexion/extension.
This changing center of rotation changes the moment arms of
muscles actuating about the knee joint, therefore affecting the
total torque output. In addition, the design ensures continued
contact between the surfaces of the femur and tibia, bearing the
load of the robot and reducing forces applied to the pins on the
mechanism. Figure 5 shows the knee fully assembled as it travels
through the ROM for the joint. Additional details regarding joint
design and moment arm can be found in our previously published
papers [1,39].

Unlike the hip and ankle, the robot knee is a rigid joint. The force
required to move the joint through its ROM is minimal and is only
dependent on the friction between the linkages. However, this joint
does have a locking mechanism when standing [1]. This is analo-
gous to the “screw home” mechanism found in the human knee
[31].

When fully extended the human knee rotates externally by
roughly 20 deg. This locks the knee so that no muscle strength is
required to remain in this position. A similar energy saving mech-
anism was designed into our knee [1]. Figure 6(a) is a cut away
of the knee in the fully extended position; the links demonstrate
the 4-bar mechanism when link 1 is in the forward position.

(a) (b)

Fig. 5 Sagittal view of the assembled knee joint during (a) full
flexion and at and (b) full extension

014503-4 / Vol. 15, FEBRUARY 2023

Fig. 6 (a) Sagittal and cutaway view of the knee showing the
4-bar linkage. Link 1 is in the forward position when the knee is
fully extended. However, it cannot move further forward
because of and (b) the mechanical stop created to prevent
further rotation of the linkage.

Figure 6(b) is an exploded view showing link 1 and the mechanical
stop that keeps the knee from rotating further forward. The
amount of force needed to unlock the joint is a function of the
amount of weight that is loaded to the knee; therefore, the heavier
the load, the higher the perpendicular force that is required to
unlock it.

2.3.5 Ankle. In humans, the ankle is categorized as a 1DOF
Mortise and Tenon joint called the talocrural joint, which provides
dorsiflexion/plantarflexion (Fig. 7). However, a second 1DOF
joint, directly under the talocrural joint—called the subtalar
joint—provides inversion and eversion motion to the foot [40—
42]. Table 2 presents the ROM of the human ankle in the adult male.

The subtalar joint has no bony reinforcement, instead it is held in
place by ligaments. Since the subarticular joint has to depend on the
ligaments and musculature of the foot to remain in place, it is this
subtalar joint that typically causes instability in the ankle joint
and is the frequent cause of ankle sprains [40,42]. By eliminating
the stacked single degree-of-freedom joints, which make up the
ankle, the joint is simplified as a ball-and-socket joint with an asym-
metrical configuration, and joined by an artificial muscle that limits
axial rotation, similar to the hip joint (Fig. 8(a)). This was done
because the ROM of a human foot is higher for plantarflexion
than dorsiflexion [40]. Although this would theoretically create an
additional degree-of-freedom, the artificial muscle does not
provide significant rotational capability, limiting rotational move-
ment. This is addressed in more detail in the discussion section.

2.3.6 Foot. The human foot is made up of the lateral, medial,
and transverse arches, which act as springs in the foot [43]. The

Tibia Fibula

Talocrural

Joint Talus

Subtalar
Joint
Calcaneus

Fig.7 Posterior view of the ankle joint. The fibula and tibia form
the mortise, while the articular surface of the talus creates the
tenon. Alone, this is a strong configuration, but only provides
1DOF. The subtalar joint formed by the talus and calcaneus
and has only ligaments for support, making it mechanically
weaker than the talocrural joint above it.
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Table 2 Minimum and maximum range of motion of the ankle
joint in the average adult male given in deg

Plantarflexion 59 deg
Dorsiflexion 71 deg
Inversion 42 deg
Eversion 56 deg

Fig. 8 (a) Contacting surfaces of the ankle joint as seen later-
ally. The asymmetrical contact surface of the foot gives a
greater range of motion during plantarflexion and (b) Two-toed
design simplifies the design without impacting function.

lateral arch uses ligaments and muscle to connect the lateral toes,
shown as the dark blue section seen in Fig. 9, to the lateral
plantar section of the foot, shown in light blue. The medial arch
does the same for the medial side; it connects the medial plantar
to the medial toes. The transverse arch is different in that it connects
the lateral and medial toes. Arch function changes dynamically
during the gait cycle, which is why people who have abnormally
high or low arches have trouble with walking [43,44]. Hashimoto
et al. showed that a natural gait could be achieved by simplifying
the foot to just two halves, a lateral half, (left), and medial half
(right) in Fig. 9 [44]. Thus, the foot can be simplified, underactu-
ated, and still achieve a normal human-like gait.

Figure 8(b) shows the designed two-toed robotic foot. Each toe
has two joints that act as the lateral/medial plantar and the lateral/
medial toes. Like the ankle and hip, the joints are a hybrid of soft
and hard materials, using a pneumatic muscle as the synovial cov-
ering to ball-and-socket contacts within the foot bones. Care was
taken to duplicate the function of the lateral, medial, and transverse
arches in the design instead of using the flat foot simplification. The
transverse arch is achieved by the attachment of a 50.8 mm Festo
DMSP-10 to the heel plug inside the designed calcaneus (not
shown attached). At the opposite end of the air muscle, a plug is
attached to seal and inflate it, along with an attached braded
Kevlar cord that acts as the tendon and connects the lateral and
medial plantar sections of the foot. The medial attachment point
is shown in Fig. 8(b) as a half ring just below the medial plantar
joint.

Journal of Mechanisms and Robotics

Medial Toe

Lateral Toe

Medial Plantar

Ankle-Lateral Plantar

Fig. 9 Transverse plane view of the bones of the left foot. The
ankle-lateral plantar and lateral toe act as one unit, while the
medial plantar and medial toe act as another unit

A hollow tube runs through the center of each section such that
when the ankle is inflated the other sections of the foot inflate as
well. This design increases the internal pressure of the ankle
during the toe off phase of gait due to the compression of the inter-
nally connected BPA that make up the toe joints effectively adjust-
ing joint stiffness during the gait cycle without the need for manual
control. The adaptation of ankle stiffness during the gait cycle is
similar to how the human body has been shown to work [45,46].

2.4 Construction

2.4.1 3D Printing. Construction was done using a MarkForged
3D printer. This printer has the unique ability to add continuous
fiber to the nylon and carbon fiber chop composite base as shown
as a cutaway in Fig. 10. These include Kevlar, fiberglass, high
temperature-high strength fiberglass, or carbon fiber [47].

Fig. 10 Side view of a 3D print where the outer nylon/carbon
fiber layer has been removed to expose the Kevlar layer
underneath

FEBRUARY 2023, Vol. 15 / 014503-5
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Each material gives the print different properties. For our parts,
Kevlar is used to increase the life of components that roll, slide,
or require high tensile strength [48]. Parts that include Kevlar are
the feet, knees, and hip joints. Carbon fiber is used to add rigidity
to a part, along with giving the part a high strength to weight
ratio [49]. Parts that include carbon fiber are the hips and the
tibial and femur shafts.

2.4.2  Postprocessing. Once printed, each part had support
material removed and was sanded. Next, a thin coat of food grade
mineral oil was applied, and the part was manually heated using a
heat gun. This was done for cosmetic purposes as the sanded part
has a dull and uneven looking exterior, and to remove some of
the residual stresses from printing [50].

2.5 Joint Testing

2.5.1 Kinematics. Range of motion (ROM) for each of the
joints was tested by clamping the proximal body of the joint and
applying force to the distal body until a joint limit was reached.
Then the force direction was reversed until the other joint limit
was reached. The angle at these two extremes was measured
using a standard protractor centered at the initial center of rotation.
The total ROM is calculated as one extreme minus the other. For the
hip and ankle joints, this was repeated nonsequentially over increas-
ing initial joint pressures ranging from 20 psi to 80 psi. Five trials
for each joint were collected; the average and standard deviation
of the five trials are reported.

2.5.2 Passive Stiffness. Testing the passive properties of the
joints was done in a similar manner to the kinematics. However,
instead of pushing the joint by hand, a string was attached at a
fixed distance from the joint and pulled perpendicular to the bone.
A constant force was applied by hand and was measured using a
Modern Step brand digital spring scale. The angle of this force
was kept constant relative to the initial position of the joint in rela-
tion to the pull angle. When the joint settled, the angle was recorded
using a protractor. The torque required to move the joint is calcu-
lated by:

T =F %L x%cos(0) (1)

Fig.11 (a) Diagram of testing rig used oriented to match the and
(b) photo during tests with the constructed rig created to apply a
force at a constant angle independent of the angle of the joint

014503-6 / Vol. 15, FEBRUARY 2023

where T is the produced torque, F is the applied force, L is the dis-
tance from the applied force to the centroid of the joint, and 0 is the
change in the angle of the joint. Figure 11 shows (a) a diagram of
the test rig and (b) a photo of the constructed testing rig used
during the experiment. Each joint was tested five times, changing
the tested joint between each trial. The starting pressure for the
tests ranged between 20 and 80 PSI in increments of 20 PSI. The
amount of force applied ranged between 5 and 45 N m.

3 Results

3.1 Overall Results. After assembly, and before pressurizing
of the joints, the robot skeleton can stand without actuation
(Fig. 1). This is due to the stiffness of the hybrid joints and self-
locking mechanism at the knee. This ability to stand without actu-
ation could reduce energy consumption of the robot when it is
not moving. The robot weighs 10 kg (22 pounds), has a height of
121 cm, a leg length of 91 cm, and a base of support of 31 cm in
width and 25 cm in depth.

3.2 Hip Range of Motion. Rotation at the hip is affected by
the amount of initial pressure supplied to the joint. Joint limits
occur when the angle of the joint causes contact between the joint
surfaces, which generates high resistance to additional bending.
In addition, increasing the initial pressure also limits the joint’s
ROM. Figure 12(a) shows the ROM for adduction and abduction
of the robot joint as depicted on the soLIDWORKS model with a start-
ing pressure of 20 psi, increasing in 20-psi increments to 60 psi, all
measurements are given in deg.

— 40 psi

Upper
— 60 psi  Limit
' : Neutral
C
y N Lower
b Limit

Fig. 12 Range of motion of the designed hip joint during
(a) abduction/adduction, (b) flexion/extension, and (c) internal/
external rotation over a range of initial air pressures. All angles
are in deg.
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The pneumatic air muscles that were used in construction of the
robot do not easily twist, so the flexion and extension ROM of the
hip are very limited. This limitation will be addressed in future
work. Figure 12(b) shows the extension and flexion ROM for the hip.

Figure 12(c) shows the ROM of the designed hip joint during
internal and external rotation with a starting air pressure of 20 psi
and a maximum of 60 psi. All measurements are given in deg. As
was expected from the design, the amount of rotation is not symme-
trical; this is due to the asymmetric flange used to attach the BPA to
the joint.

3.3 Knee Range of Motion. The robot knee has a maximum
extension of 1deg and flexion of 150 deg. Figure 13 shows the
knee ROM. The total ROM for the knee is 151 deg, which
matches the average adult male knee [33].

3.4 Ankle Range of Motion. Like the hip, the ankle ROM is a
function of the supplied pressure. Increased pressure causes a
smaller ROM. Figure 14(a) shows the maximum deg of eversion
and inversion for the designed ankle joint at different initial
pressures.

The joint was designed asymmetrically, so the differences in the
ROM for dorsiflexion and plantarflexion are expected. Figure 14(b)
shows the ROM, given in deg, utilizing different initial pressures for
the designed ankle joint during dorsiflexion and plantarflexion. The
maximum ROM for plantarflexion is indeed higher across every
initial pressure than the joint can achieve when in dorsiflexion.

3.5 Hip Stiffness. Figure 15 shows the torque required to (a)
abduct and (b) adduct the hip joint at different initial inflation pres-
sures. This internal resistance acts as a restorative force and pro-
vides a way for the robot to stand without using energy in
powering actuators. These data are also compared with estimates
of stiffness on a human hip [51]. The linearized stiffness for the
human joint is approximately 0.32 Nm/deg (18.33 Nm/rad) for
abduction and 0.84 Nm/deg (48.13 Nm/rad) for adduction. The
stiffness of the robot is even closer to linear, but is stiffer than a
human. The stiffness at 20 psi (the closest to that of a human) is
1.8 Nm/deg (103.13 Nm/rad) for abduction and 1.5 Nm/deg
(85.94 Nm/rad) for adduction.

When testing the flexion/extension of the hip, unintended out of
plane bending occurred when attempting to record the data that
could not be corrected using our measuring rig; therefore, the

Upper
Limit
Neutral
Position

Centroid

Lower
Limit

Fig. 13 Designed knee range of motion for full extension and
full flexion, the total range of motion is roughly 151 deg. This
falls within the typical knee range of motion of 2.5 + 2.9 deg in
extension and 137.5 + 9.6 deg in flexion [33].
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— 20 psi
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( b) . . Neutral
g ‘ Centroid Position
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Limit

Fig. 14 Range of motion of the designed ankle joint during
(a) eversion/ inversion and (b) plantarflexion/dorsiflexion with
different initial pressures. All angles are in deg.

measurements were not recorded. This occurred because the stift-
ness in flexion/extension is much greater than in abduction/adduc-
tion and in rotation.

3.6 Ankle Stiffness. Figure 16 shows the torque required to
move the ankle joint during (a) dorsiflexion and (b) during

(a) Abuction of the Hip
30
25
= u]
o . 020 psi
315 & A 40 psi
[
c10 ? 7 § i ® 60 psi
5 2 ® ’ 4 80 psi
0 E —Human

0 5 10 15 20 25 30 35 40 45
Torque (Nm)

(b) Adduction of the Hip

0O 20 psi
A 40 psi
@ 60 psi
+ 80 psi

—Human

Angle (deg)

0 5 10 15 20 25 30 35 40 45
Torque (Nm)

Fig. 15 Average torque required to move the hip joint with dif-
ferent initial pressures for five nonsequential trials of (a) abduc-
tion and (b) adduction; standard deviation from these trials is
also shown. Both are plotted with the human model of hip
flexion (black line).
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(a) Ankle Dorsi-Flexion
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(b) Ankle Plantar-Flexion
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Fig. 16 The average restorative forces for the ankle over five
nonsequential trails at different initial pressures ranging from
20 psi to 80 psi for (a) dorsiflexion of the ankle and (b) plantarflex-
ion of the ankle; standard deviation from these trials is also
shown. Both are plotted with the human model for plantarflexion
(black line).

plantarflexion. Like the human ankle, the designed joint has a
torque that changes with the angle of deflection.

The torque required to rotate the ankle in dorsiflexion is higher
than during plantarflexion. For a given force at an initial pressure,
the ankle rotates more in plantarflexion than in dorsiflexion. This
disparity between the two results is likely caused by the asymmetric
design of the ankle as shown in Fig. 8. These data are also compared
with estimates of stiffness on a human ankle [51]. The linearized
stiffness for the human joint is approximately 0.16 Nm/deg
(9.17 Nm/rad) for 0-30deg in plantarflexion and 0.40 Nm/deg
(22.92 Nm/rad) for 0-20 deg in dorsiflexion. Similar to the hip
joint, the stiffness of the robot is even closer to linear, but is
stiffer than a human. The stiffness at 20 psi (the closest to that of
a human) is 1.3 Nm/deg (74.49 Nm/rad) for plantarflexion and
2.4 Nm/deg (137.51 Nm/rad) for dorsiflexion.

While there is an asymmetry in the restorative force supplied in
the sagittal plane of motion, there is not one in the transverse
plane of motion because the ROM for ankle inversion and eversion
are relatively close, unlike the dorsiflexion and plantarflexion DOF.
Figure 17 shows the torque required to rotate the ankle joint during
five nonconsecutive trials for the ankle (@) inversion and (b) ever-
sion. This DOF has similar force profiles, which was expected
since the joint is symmetrical in this direction. We were unable to
find any reliable human data to compare the results of eversion
and inversion.

4 Discussion

This article demonstrates several types of novel joint designs
almost all of which utilize a hybrid design that incorporates both
rigid and compliant components. While the knee joint is not in
this hybrid style, the design uses contact surfaces instead of a float-
ing linkage or rolling knee design, locks in the upright position, and
has a changing center of rotation [39]. These designs are shown to
have beneficial properties that are like their human counterpart and
enable the creation of a robotic platform with human-like
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Fig. 17 Average restoring force of the ankle over five noncon-
secutive trials for a range of initial pressures ranging from 20
psi to 80 psi for (a) ankle inversion and (b) eversion. Standard
deviation from these trials is also shown.

kinematics and abilities such as range of motion (ROM), a
locking knee, and dynamic joint stiffness. Using a platform
similar to the one described here, researchers will be able to more
accurately test models of human locomotion and balance control
[52], by implementing them directly on a robotic platform with
similar kinematics and dynamics. This work demonstrates that the
development of such robotic models is feasible, even if some of
the dynamic results are not yet ideal.

4.1 Comparison With Human Joints. Specifically, the syno-
vial inspired joints offer a useful way to bridge the gap between
completely soft robots and the traditional rigid robot designs that
are typically used for bipedal testing [16,53]. These joints use a
cushion of air to aid in impact resistance. They also add damping
to the system to reduce the wear from the cyclical loads incurred
during walking. As the angle of flexion or extension increases,
the restoring force generated by the joint increases. This is similar
behavior to how joints of humans and other mammals work
[45,46]. Furthermore, the stiffness of the joint can be controlled
by controlling the pressure in the joint. Studies of human movement
also seem to indicate that joint stiffness is controlled dynamically
[34,54]. Both these properties have the potential to increase the con-
trollability of joints when compared to a traditional ball and socket
type joint through a naturally stable architecture.

Unfortunately, it is hard to directly compare our properties with
humans as there are only a few studies that look at the passive
dynamics of human synovial joints [55,56]. In their work, research-
ers use cadaver joints to test mechanical properties of the joint
capsule itself, which is useful in understanding the mechanical
properties of the joints, but not how the joint responds dynamically
[54]. Furthermore, there are challenges with measuring joint
capsule dynamics using cadaver joints because these joints are
removed from their normal pathology, which can eliminate other
interactions that occur in vivo [34]. We have also found several
studies that use living subjects to test joint stiffness [45,46,57].
Both types of studies show that as the angle of deflection increases,
the joint produces a restoring force that increases exponentially,
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while the restoring force of the robot joint increases in a linear
manner. By using the models created from human data, our data
can be compared with a human model [51]. Because no model
for hip adduction or abduction could be located, our measured
values are compared using the model created for hip extension
and flexion. Figure 15 shows the values of the hybrid hip joint in
(a) abduction and (b) adduction plotted with a zero-shifted model
of human hip extension and flexion.

As shown in Figs. 15 and 16, the created hybrid joint is stiffer
than the human counterpart (a smaller angle change is achieved
with the same applied torque). In addition, the restoring forces for
a human joint have two components. Near the joint, the stiffness
seems relatively linear. However, at some point, it transitions
from linear to an almost exponential rate. The hybrid joint only
increases in a linear fashion, creating a closer fit at larger ranges
of motion; however, joints that utilize a less stiff braided pneumatic
actuator for attachment will likely have a better overall fit to the
human data. Future work should be done to determine the relation-
ship between stiffness on the robot’s locomotion and balancing per-
formance to determine if a less stiff joint improves or hinders
control.

In addition to being a function of angle, human joint stiffness is
also a function of muscle activation and other joint angles. This
further complicates the picture, making it difficult to determine
experimentally joint stiffness during different tasks such as
walking, running, and squatting. As the stiffness of our joint
could be modified in real time by changing the internal pressure,
our design could provide an effective mechanism to test the effect
that different joint stiffness has on the dynamics and control of
the system. Direct comparisons with human kinematic, kinetic,
and muscle activation data (which is easier to collect than internal
joint stiffness data) can then be made to make an estimate on the
internal stiffness of the human body. Further human cadaver and
in vivo testing should be done to determine the restorative force
of human synovial joints to enable an accurate comparison with
our data.

Active control strategies could also be employed to better match
the human synovial joint stiffness and alter gait dynamics. Because
the feet are a highly coupled system and the design provides for
real-time adjustment of internal pressure, this could further
improve energy efficiency and balance. For example, toe stiffness
has been shown to have, in some cases, a larger impact in gait
dynamics than adjusting ankle stiffness [58]. Active control has
also been shown to improve disturbance rejection in humanoid
systems [59]. Future work should be done to determine efficient
control strategies for this type of system.

In addition to active control strategies in the joints themselves,
joint stiffness could be regulated by the artificial muscles them-
selves, as is done with most biological systems. Changes in
muscle stiffness and co-contraction should increase joint stiffness
by causing increased compression of the BPA joints.

Future work should also look at the development of BPAs
designed specifically for synovial joints. Different materials could
be utilized to more closely match the human data. In addition, dif-
ferent weave designs and materials will be necessary to capture
three degrees-of-freedom about the hip joint. Our model was not
able to effectively achieve hip flexion and extension movements,
a very critical movement of locomotion and other behaviors.

While computing the inertia and other properties of the con-
structed parts is outside the scope of our current paper, we plan to
address this with future work. Finally, cyclic load testing also
needs to be performed to determine the average lifetime of the
joints and to characterize any changes in behavior as they reach
the end of their life cycle.

4.2 Use in Robotics and Prosthetics. Our work suggests that
MRI/CT modeling of joints can provide enough biomechanical
information that result in accurately modeled in vivo joints. We
have demonstrated that medical scans can be used to create a
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mechanical equivalent for the purposes of robotics and prosthetics
research and development. This framework gives researchers the
ability to recreate models of joints from living subjects and in
loading conditions that may be difficult or impossible to achieve
with cadaver joints.

These joints offer several potential advantages over traditional
robotic joints. For example, the use of the BPA at the ankle and
toe joints will provide damping at the ankle during heel strike,
which may reduce joint wear and improve controllability while
also providing energy capture during the loading phase preceding
toe off. By using BPAs to approximate, the articular capsule of
the synovial joint also reduces the effects of catastrophic failure.
If the bladder of the BPA is punctured, the fiber braiding that
limits the bladder deformation will not allow joint dislocation,
and still limits ROM of the joint. The designed knee joint has a
locking mechanism like the human knee, which saves energy.
The changing center of rotation gives the joint a compact size but
increases the moment arm of the extensor muscle during flexion.
By using contacting surfaces to distribute, the load should substan-
tially increase the life of the joint by spreading the force across
larger, and more fatigue resistant areas than are in a typical hinge
joint or motor.

Several of the designed synovial joints are also connected using
internal tubing. Therefore, loading one joint will change the pres-
sure of the other connected joints. While this adds to the complexity
of the dynamic response of the test-bed, there are several benefits
that the linking provides. For instance, when walking during the
toe off phase of the gait cycle, the load on the lateral and medial
toe of the foot compress the air in the toes increasing the pressure
in the ankle. This increase in pressure helps to keep the ankle in
line with the tibia, which creates a more secure connection
between the two contacting surfaces of the joint. This is illustrated
by the reduction in the ROM of the joint as the pressure increases.

Some of the designed synovial joints tested had a maximum
ROM lower than the average adult male. Future work includes rede-
signing the extension/flexion degree-of-freedom of the hip to match
better the ROM of the human hip. Future work will also be needed
to determine the relationship between BPA sleeve length, the initial
gap between loading surfaces, the surface geometry, and the ROM
the joint can achieve. Better understanding of these parameters will
guide further joint designs and will give the ability to predict joint
ROM prior to physical testing.

Recent advances in technology and manufacturing have opened
up a new door in bio-mimetic robotics. These advances enable us
to more accurately capture and recreate the bone and joint structures
that are seen in animals. More design and experimental work is
needed for us to fully realize this potential and build realistic
animal inspired robots, such as robots based on dogs or other quad-
rupeds. The work presented here demonstrates a design approach
that utilizes new manufacturing technologies to capture several
kinematic and passive dynamic aspects of human skeletons that
has not been realized earlier. Further research in this area will con-
tinue to move this design approach further, enabling the building of
highly dynamic and realistic human and animal robot models in the
future.

5 Conclusions

This article presents several types of joints employing MRI and
CT scans to inform the design process. These joints have several
desirable properties for robotic and prosthetic applications, such
as a hybrid soft-rigid construction, real-time adjustable joint stiff-
ness and damping, large contact surfaces for improved joint life,
energy saving mechanisms such as “screw home” analog found in
the human knee, and energy storing during the pre-swing phase
of gait. We then validate our design methodology by testing the
range of motion and joint stiffness through several different joint
pressures. In the future, this test-bed will be used to develop differ-
ent active and passive stiffness control strategies.
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Nomenclature

T = torque

F = force

L = distance from the applied force to the centroid.
6 = change in the angle of the joint.
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