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Design of a Four-Bar Latch
Mechanism and a Shear-Based
Rotary Viscous Damper for
Single-Axis Prosthetic Knees
With over 30 million people worldwide requiring assistive devices, there is a great need for
low-cost and high-performance prosthetic technologies that can enable kinematics close to
able-bodied gait. Low-income users of prosthetic knees in the developing world repeatedly
report the need for n inconspicuous gait to mitigate the severe socioeconomic discrimina-
tion associated with disability. However, passive prosthetic knees designed for these users
have primarily focused on stability and affordability, often at the cost of the high biomecha-
nical performance that is required to replicate able-bodied kinematics. In this study, we
present the design and preliminary testing of two distinct mechanism modules that are
novel for passive prosthetic knee applications: the stability module and the damping
module. These mechanisms are designed to enable users of single-axis, passive prosthetic
knees to walk with close to able-bodied kinematics on level-ground, specifically during
the transition from the stance phase to the swing phase of the gait cycle. The stability
module was implemented with a latch mounted on a virtual axis of a four-bar linkage,
which can be engaged during early stance for stability and disengaged during late
stance to initiate knee flexion. The damping module was implemented with a concentric
stack of stationary and rotating pairs of plates that shear thin films of high-viscosity silicone
oil. The goal of the resulting first-order damping torque was to achieve smooth flexion of the
prosthetic knee within the able-bodied gait range (64± 6 deg). For preliminary user-centric
validation, a prototype prosthetic knee with the stability module and two different dampers
(with varying damping coefficients) was tested on a single subject with above-knee ampu-
tation in India. The stability module enabled smooth transition from stance to swing with
timely initiation of knee flexion. The dampers also performed satisfactorily, as the increase
in the damping coefficient was found to decrease the peak knee flexion angle during swing.
The applications of the mechanisms presented in this article could significantly improve the
kinematic performance of low-cost, passive prosthetic knees. [DOI: 10.1115/1.4052804]
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1 Introduction
According to a recent estimate from the World Health Organiza-

tion, over 30 million people are in need of prosthetic and orthotic
devices across the world [1–3]. Past studies have reported wide-
spread occurrence of lower limb amputation in developing coun-
tries, with close to 300,000 persons with above-knee amputation
in India, where our research is focused [4–6]. A majority of above-
knee amputations in developing countries are carried out due to a
multitude of factors such as poor health care, lack of emergency
response, unsafe work conditions, traffic accidents, and lifestyle
choices [4,7,8]. Past studies have reported that about 50% of
persons with amputation in India lose or change their jobs immedi-
ately after their injury. The resulting economic deprivation is often
exacerbated by the social stigma associated with disability and
amputation [9–11]. Individuals with lower limb amputation repeat-
edly report the need for an inconspicuous gait to mitigate the socio-
economic discrimination that they face, demanding prosthetic
performance that can enable kinematics close to able-bodied gait
[4,6]. However, only a small number of commercially available
prostheses have been designed to enable able-bodied kinematics

of walking among low-income prosthesis users [7,8]. Most of the
low-cost prostheses designed for the developing world are yet to
be adopted at scale due to limitations in their biomechanical perfor-
mance, mechanical design, manufacturing processes, supply chain,
clinical training, and maintenance [4,7,8]. There is thus an urgent
need for high-performance, low-cost passive prostheses that can
enable kinematics close to able-bodied gait, increase metabolic effi-
ciency for the users, and mitigate socioeconomic discrimination
faced by users in the developing world.
In this article, we present the mechanism design and preliminary

testing of two distinct modules relevant to single-axis, passive pros-
thetic knees. The aim of these modules is to enable kinematics close
to able-bodied gait for level-ground walking, specifically during the
transition from stance phase to swing phase of the gait cycle. This
study builds upon our prior research focused on the biomechanical
analysis, mechanical design, and user-centric testing of a new
passive prosthetic knee for low-income users in developing coun-
tries [4,13–19]. This article only concentrates on passive solutions,
as active prosthetic knees cost dramatically more than the passive
devices provided in developing countries and require power
access that might not be available to the user [18]. The first
module, called the “stability module,” is a novel latch mechanism
implemented with a four-bar linkage with the specific function of
achieving stability during the early-stance phase and initiating
timely knee flexion in preparation for the swing phase. The
second module, called the “damping module,” is a rotary viscous
damper that can provide appropriate flexion control during the
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transition from the stance phase to the swing phase. These two
mechanism modules offer unique advantages in achieving the
desired functions of stability and damping compared to the mecha-
nisms that are currently being used in commercial passive knee
prostheses designed for the developing world. In addition, these
modules involve novel implementation of mechanisms that can be
readily integrated into the architecture of existing single-axis pros-
thetic knee units without major mechanical alterations.
This article is organized in three sections. First, we present the

mechanism design of the stability module and the damping
module. The mechanisms are discussed in separate sections as the
components separately in other prosthetic designs or in a combina-
tion as shown in this article. Second, we report the experimental
protocol and the validation results from the testing of a fully func-
tional prosthetic knee prototype on a single subject with above-knee
amputation in India. The two modules were integrated into the pro-
totype for testing. Finally, we discuss the modular adaptability, clin-
ical implications, and limitations of the two modules.

2 Stability Module: Four-Bar Latch
2.1 Stability in the Prosthetic Knee Function. The gait cycle

of able-bodied, level-ground walking for each leg can be divided
into the stance phase and the swing phase (Fig. 1(a)). During
stance, the foot is in contact with the ground. The corresponding
interaction force between the foot and the ground is the ground reac-
tion force (GRF), and the point of application of the GRF is the
center of pressure (COP). The knee flexion angle is less than
20 deg during early-stance to mid-stance. During the transition
from stance to swing, the foot takes off from the ground and
reaches a peak knee flexion of about 64 deg during mid-swing
(Fig. 1(a)) [12,20].
As the COP progresses from the heel toward the toe during able-

bodied walking, the GRF vector exerts an external flexion moment
at the knee during early stance, an external extension moment
during mid-stance, and an external flexion moment during late
stance (Fig. 1(b)) [21]. In an able-bodied person, the large flexion
moment exerted by the GRF at the knee during early stance is sta-
bilized by the physiological knee musculature exerting an opposite
extension moment, which peaks at a mean of 0.7Nm/kg (normal-
ized to body mass) [22]. In an above-knee prosthesis user, if the
prosthetic knee joint does not provide this counter moment, it can
collapse due to uncontrolled knee flexion and cause the user to
fall during early stance (referred to as “buckling” of the knee
joint). During mid-stance, the prosthetic knee is safe against

buckling, as the direction of moment changes to extension.
During late stance, the moment changes again to a flexion
moment due to the anterior position of the physiological hip with
respect to the foot, which helps the knee flex up to 30–35 deg
before transitioning into swing (Fig. 1(a)). During early stance,
the most critical function of a prosthetic knee joint is to provide sta-
bility and prevent buckling. During late stance, controlled instabil-
ity is required to achieve flexion in the prosthetic knee (equivalent
to a damped joint), which helps the leg transition to swing phase. An
ideal prosthetic knee would provide both of these functions, which
are in conflict with each other due to the opposite nature of the
desired mechanical response. However, both functions are crucial
to achieving the closest possible replication of able-bodied knee
kinematics in lower limb prosthesis users (Fig. 1(a)). Active pros-
thetic knees achieve this dual function efficiently by using electro-
mechanical actuators and sensors, which can be controlled precisely
by a programmable microprocessor [20]. However, achieving the
same in passive prosthetics is challenging and often requires a
compact implementation of complex mechanisms [20,23,24].
Different mechanisms have been designed to achieve this trade-

off between stability during early stance and controlled flexion
during late stance. Most of the affordable, passive prosthetic knee
mechanisms designed for the developing world prioritize stability
over achieving timely and optimal late stance flexion [8,20,25].
This prioritization is driven by the need to prevent accidental falls
due to buckling [24]. The prevention of buckling in the passive
knee mechanisms designed for the developing world can be ana-
lyzed using flexion zone diagrams (Fig. 2) [21,24].
The Jaipur exoskeleton knee (Fig. 2(a)) is a single-axis knee with

a large flexion zone, which necessitates the use of a mechanical lock
at all times to prevent the knee from buckling.2 This hyperstability
against buckling prevents any flexion at the knee during stance or
swing. A user of this device is often forced to employ an undesirable
“peg-leg” gait, which involves circumduction and vaulting of the
prosthetic limb to achieve ground clearance during swing.
Polycentric knees, such as the Jaipur four-bar knee (Fig. 2(b)),

use a four-bar linkage to create a virtual knee axis (KA), which is
posterior to the anatomical knee axis [6,24]. This virtual posterior
shift of the knee axis prevents buckling during early stance, as
the GRF vector causes a stable extension moment about the
virtual knee axis, keeping the knee locked at full extension (equiv-
alent to 0 deg of flexion). The resulting flexion zone is smaller in
area compared to the exoskeleton knee, which makes the

Fig. 1 Able-bodied knee kinematics through the gait cycle. (a) Knee angle (red curve) with ±1 standard deviation (SD)
shown by the band [12]. The illustration below the horizontal axis shows the corresponding leg orientation through the
gait cycle. (b) The direction of the moment caused by the GRF changes through the stance phase due to the COP pro-
gression and the relative orientation of the leg.

2http://jaipurfoot.org/
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polycentric design more stable against buckling during early stance.
During late stance, the virtual axis is shifted continuously in the
anterior direction by opening up the four-bar linkage, achieved by
conscious exertion of a flexion moment from the user’s hip on the
prosthetic side. The anterior shift of the virtual axis also aids the
flexion moment from the GRF, which enables knee flexion in late
stance. Although the four-bar polycentric mechanism prevents
hyperstability, it can still delay flexion and cause an untimely tran-
sition from late stance to swing, resulting in a conspicuous, asym-
metric gait [8,20,24].
The LC-knee (Fig. 2(c)) mechanism achieves the dual function-

ality (of stability and flexion) efficiently in a single-axis knee archi-
tecture [21]. It provides a narrow band of flexion zone by
implementing a latch mounted on a physical locking axis. This
latch is biased to keep the knee locked during early stance, rein-
forced by the flexion moment exerted by the GRF about the
locking axis. The latch unlocks during mid-stance due to the exten-
sion moment of the GRF, which frees up the knee for flexion much
earlier compared to the polycentric mechanism. However, the
flexion zone in the LC-knee is a very narrow band, which requires
the user to actuate flexion by consciously orienting the GRF within
this band using the hip. In addition, the LC-knee may also lead to
hyperstability during walking on slopes and inclines due to the
narrow band of the flexion zone around the knee joint.

2.2 Mechanism Design and Operation. We present a novel
mechanism for the stability module, which was designed to
achieve the dual function of stability during early stance and con-
trolled instability that allows knee flexion during late stance. The
mechanism of this module was implemented by a latch mounted
on a four-bar linkage with a low and distal (close to the foot)
(virtual locking axis (VLA)), the instantaneous center of rotation
of the four-bar linkage, which widens the flexion zone near the
knee but keeps it narrow near the foot.
The main components of the mechanism include (Fig. 3(a)): (i)

the knee piece, which is connected proximally to the socket and
rotates about the KA, (ii) the links of the four-bar mechanism that
are mounted on the body frame of the mechanism and create a
VLA for the latch, and (iii) the latch, which serves as the coupler

link for the four-bar linkage. The latch is connected distally to the
pylon and proximally to the body shell of the mechanism
(through the four-bar linkage). In addition, there is a hard stop
that limits the rotation of the knee piece and the latch beyond
0 deg, preventing any hyperextension of the knee (counterclockwise
direction in Fig. 3( f )). The stepwise operation of the stability
module at key points during the gait cycle is described with a cross-
sectional view of the mechanism in the sagittal plane (Figs. 3(b)–
3(e)).
The latching mechanism involves four major steps, the first two

occurring during stance (Figs. 3(b) and 3(c)) and the latter two
occurring during swing (Figs. 3(d ) and 3(e)):

(1) Locked position (Fig. 3(b)): As the user’s heel-region strikes
the ground during early stance, the mechanism experiences a
GRF flexion moment about the knee axis. The latch is in a
pre-locked position due to the pre-loaded bias spring. Buck-
ling is prevented by the mechanical engagement of the prox-
imal knee piece with the latch tip. The locking action is also
reinforced by the flexion moment about the virtual axis of the
four-bar linkage, which ensures that the latch remains
engaged against the knee piece during early stance.

(2) Latch unlocking (Fig. 3(c)): During mid-stance, the user rolls
over on the foot and the GRF vector moves anterior to the
knee axis and the virtual axis. The distal portion of the
knee joint can translate back on the four-bar linkage, which
unlatches the stability module. The proximal knee piece
experiences an extension moment about the knee axis,
which disengages it from the latch tip. The latch also experi-
ences an extension moment about the virtual axis, allowing it
to move freely backward (via the four-bar linkage), com-
pressing the bias spring. With the latch in the unlocked posi-
tion, the knee is freed to initiate flexion. The knee flexes
under a GRF flexion moment during late stance, as the
GRF vector passes through the flexion zone, which is the
area posterior to the knee axis and anterior to the VLA.

(3) Latch repositioning (Fig. 3(d )): Once the knee has flexed
through late stance and swing has been initiated, there is
no GRF-induced moment on the four-bar linkage. The loca-
tion of the lower leg is controlled using the swing module (in
case of this design using the damping module described in
Sec. 3). The restoring force from the bias spring returns the

Fig. 2 Flexion zone diagrams for passive prosthetic kneemechanisms specifically designed for the developing world. Vectors
in red show GRF orientations that fall within the flexion zone (shaded in gray), which can cause the knee to buckle during early
stance due to the flexion moment exerted at the knee. Vectors in green show the GRF orientation outside the flexion zone that
exert an extension moment, which will keep the knee stable and locked in full extension. (a) The exoskeleton knee will remain
straight when the lock is engaged.When the lock is not engaged, the knee is unstable and is prone to flex.3 The knee designs in
(b) and (c) show two forces that result in extension moment and one in flexion [6,21,24]. LC-knee mechanism illustration
adapted from US patent no. 7,087,090 [26].

3See Note 2.
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latch to the forward position, ready to lock again at the end of
swing.

(4) Latch relocking (Fig. 3(e)): As the lower leg and foot swing
forward to extend the knee at the end of the gait cycle, the
knee comes down on the latch tip, pushing it back against
the spring until the knee has extended far enough to allow
the restoring spring force to relock the knee. In the relocking
step (Fig. 3( f )), there is a unique feature in the knee piece
that allows for relocking at two different points, referred to
as a double latch. This feature allows the mechanism to
lock at an intermediate point before reaching full extension
(designed to be at 10 deg of knee flexion). This feature pre-
vents accidental buckling as it ensures that the knee will lock
even if the user does not fully extend the knee before heel
strike of the next gait cycle, as may happen while walking
up inclines.

A fully functioning prototype of the stability module mechanism
was built using machined parts. The material for the latch was
selected by calculating the safety factor using finite element analysis
of the latch under maximum flexion moment from the GRF. Alumi-
num 7075 alloy was used to achieve a safety factor of 1.2 (von
Mises yield stress) in the latch for the maximum flexion moment
during stance exerted by a hypothetical user with 100 kg body
mass. Aluminum 6061 alloy was used for the rest of the parts in
the assembly. To prevent fatigue-induced failure, the prototype
was not subjected to more than a few hundred cycles of loading
during human subject testing. Therefore, fatigue analysis was not
performed to account for the failure modes due to the cyclic
loading of the mechanism.

2.2.1 Placement of the Virtual Locking Axis. In a normal gait
cycle, the COP progresses along the plantar surface of the foot

from the heel to the toe during stance (Fig. 4). The COP location
and the corresponding orientation of the GRF vector in space
were deterministically used to unlock the latch at the desired
instant in the gait cycle, called the GRF transition point. To replicate
the able-bodied knee kinematics through stance, the GRF transition
point was chosen at the COP that corresponds to the initiation of late
stance flexion in an able-bodied knee (Fig. 4) [22]. As the COP
passes through this selected GRF transition point, it was desired

Fig. 3 Operation of the stability module mechanism through the gait cycle (a–f). (a) Cross-sectional view of the mechanism
with the major parts labeled. (b) Early stance: the latch is engaged; therefore, the knee is locked and the GRF vector reinforces
the latching action between the latch tip and the knee piece by applying a flexion moment about the virtual locking axis (VLA).
(c) Late stance: the latch is disengaged (the unlatching is exaggerated for clarity), and flexion is initiated, because the GRF
vector (red arrow) is oriented in the flexion zone between the knee axis and VLA. (d ) Swing phase flexion: the latch is ready
to be engaged. (e) Swing phase extension: the latch engages with the knee piece at the end of swing. (f ) The inset shows a
close-up of the latch tip interaction with the knee piece during locking at the end of swing. This double-latch feature allows
the mechanism to lock at an intermediate point for safety against buckling.

Fig. 4 Starting point for placement of the VLA. The GRF transi-
tion point is the point at which the latch is disengaged, whichwas
chosen to coincide with the COP instance that corresponds to
initiation of knee flexion in able-bodied walking.
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that the latch would go from being locked to unlocked, which would
allow the knee to flex into swing.
To ensure this timely unlocking of the latch at the “GRF transi-

tion point,” the starting point for setting the VLA position was con-
strained to the line connecting the GRF transition point and the knee
axis (shown by a dashed line in Fig. 4). Placing the VLA in this
position ensures that there exists a point along the dashed line
where a GRF vector anterior to the line exerts a flexion moment
at the knee; any GRF vector that is anterior to the GRF transition
point and passes between VLA and the KA will cause the latch to
disengage and apply a flexion moment about the KA, causing the
knee to flex. After, 1 based on the additional goal of minimizing
hyperextension.
As the latch unlocks during mid-stance extension, the hyperex-

tension results in a small posterior motion of the lower leg. This
movement may be perceived by users as an uncomfortable, back-
ward wobble at the prosthetic knee [15]. Based on pilot studies
with an earlier prototype design that used a physical locking axis
within the knee, users reported the ability to distinctly feel the
angular motion between the upper and lower leg of up to 3 deg
hyperextension, which led to discomfort and reduced confidence
in the performance of the prosthesis [15]. In the present mechanism,
we minimized hyperextension to only 1 deg at the VLA; given the
distal position of the VLA to the KA, this small angular deflection
translates the latch posterior with respect to the knee piece using the
four-bar linkage, causing the stability module to unlatch. With the
latch movement set at 5mm (chosen to ensure required strength
and secure unlocking), the four-bar linkage sets the resulting
virtual locking axis location 30 cm distal to the knee axis for a hypo-
thetical user [22]. A low, distal locking axis was therefore imple-
mented to reduce hyperextension through the use of a four-bar
latch mechanism. In addition, this maximized the area of flexion
zone at the knee while keeping it narrow near the foot (Fig. 4).
This flexion zone can allow a wide orientation of GRF vectors in
the toe region to flex the knee during late stance without compro-
mising stability during early stance.
The process outlined earlier is a general process for setting the

placement of the VLA. Adjustments to the mechanism geometry
may be required depending on whether the prosthetic foot GRFs
and CoP vary significantly from able-bodied values. Additional
fine-tuning might be desired based on other subject-specific require-
ments and alignment suggestions from the prosthetist. The final
dimensions of the four-bar linkage presented in this article are
included in the Appendix.

2.3 Potential Advantages Over Prior Art. The stability
module mechanism offers potential functional advantages over
prior art:

(1) The locking axis could be implemented either through a
physical axis or through a virtual axis using a four-bar
linkage. The physical axis uses fewer parts but requires a
longer body shell to place the locking axis sufficiently
away in the distal direction (implemented in the LC-knee
[21]). The choice of a virtual axis implementation using a
four-bar linkage allows flexibility in placing the locking
axis distally further with a more compact mechanism com-
pared to the LC-knee.

(2) The mechanism provides an optimal flexion zone by widen-
ing the flexion zone near the knee while maintaining a
narrow flexion zone near the foot. This layout of the
flexion zone allows for easy flexion during late stance
without compromising stability during early stance. This
was made possible due to the low, distal location of the
virtual locking axis enabled by the four-bar linkage. In addi-
tion, this distal location also minimized the hyperextension
angle at the knee.

(3) We used a geometric method to compute the location of the
virtual locking axis, which informed its precise location. In
the clinical context, this knowledge of the exact location of

the locking axis in space can help the prosthetist easily
align the prosthetic knee with respect to the prosthetic foot.
The relative position of the foot and the knee could be manip-
ulated systematically by the prosthetist to further widen or
narrow the flexion zone available to a particular user.

3 Damping Module: Rotary Viscous Damper
3.1 Damping in the Prosthetic Knee Function. Damping in

prosthetic knees is primarily required to decelerate the flexion of
the knee during the transition from stance to swing [20]. This tran-
sition starts in late stance and ends in mid-swing with a mean peak
knee flexion of around 64 deg (Figs. 5(a) and 1(a)) [12]. In the
absence of sufficient damping during knee flexion, the prosthetic
knee can overshoot well beyond the peak flexion of the knee
required for ground clearance, delaying the swing phase for the
prosthetic leg. Conversely, if the damping torque is greater than
the optimal value, the knee does not flex enough, which can force
the user to employ alternative strategies to achieve safe toe clear-
ance in swing such as hip-hiking, vaulting, and circumduction
[27]. Such asymmetric gait patterns between the able-bodied leg
and the amputated leg are undesirable, as they can increase meta-
bolic energy expenditure [27]. In addition, in the context of devel-
oping countries such as India, the focus on achieving close to
able-bodied gait behavior has been shown to be one of the most
important design requirements for prosthesis users [4]. Therefore,
achieving peak knee flexion during swing that is within the able-
bodied range (64 ± 6 deg) is crucial for the performance of
passive knee prostheses [12].
A wide array of prosthetic knees have been designed to provide

damping control of knee flexion in late stance and swing. Primarily
designed for persons with amputation in developed countries,
popular knee prostheses have incorporated fluid-based (pneumatic
or hydraulic) systems, which can be controlled passively, or
through programmable, microprocessor-controlled actuators that
deliver high kinematic performance by implementing sensor-based
feedback control [20,28]. Affordable prosthetic knee joints
designed primarily for the developing world have incorporated
passive friction brakes that provide fixed resistance during flexion
[28]. Though implementation of friction brakes is simple and cost
effective, it also presents many practical challenges such as
torque changes due to wear and changing environmental conditions,
such as humidity or rain [16]. Moreover, friction brakes provide
constant resistance, which makes them unresponsive to changes
in the walking speed as the damping torque required in a prosthetic
knee changes appreciably with walking speed [20,29,30].
In prosthetic knee technology, the most common passive archi-

tecture of fluid-based dampers is the hydraulic cylinder. It com-
monly incorporates a piston to push a viscous oil between two
chambers through a small orifice with adjustable diameter
[31,32]. This architecture borrows from the prevalent design of
hydraulic cylinders used in other industries (automotive vehicles,
construction technology, consumer goods, etc.) [33]. Hydraulic
dampers have been preferred over friction brakes as they offer
smooth, speed-based resistance. However, hydraulic cylinders in
prostheses are expensive, heavy, and require periodic maintenance
to prevent oil-leaks [28]. Mechanical integration of hydraulic cylin-
ders about a rotating knee joint requires an additional linkage,
which can make the prosthesis assembly bulky and heavy. The
resistive force offered by hydraulic cylinders is proportional to
the square of piston velocity (piston velocity changes linearly
with walking speed). This nonlinear relationship is relevant for a
small fraction of prosthesis users who can vary their walking
speeds over a large range (1–1.8m/s) using active, microprocessor-
controlled knees [20]. At faster walking speeds, the knee moment
increases in proportion to the square of the walking speed (or
knee angular velocity, which scales in proportion to the walking
speed) [12,29]. However, at slower walking speeds, the knee
moment changes linearly with small changes in speed. Most users
of passive prostheses indeed walk slower (0.8–1.2 m/s) and
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require resistance that is linearly proportional to small changes to
their preferred walking speed [20,29,31,32].
To address the aforementioned limitations of traditional hydrau-

lic dampers, we present the design and preliminary validation of a
rotary viscous damper that is compatible with low-cost, single-axis
prosthetic knees. This damper provides torque that is linearly
dependent on the walking speed by implementing a shear-driven,
first-order resistance to fluid flow. In addition, the rotary

architecture enables easy assembly of the damper in the existing
architecture of low-cost, single-axis prosthetic knee units.

3.2 Target Damping Coefficient. In a mechanical system, the
magnitude of the damping coefficient characterizes the resistance
offered by a damper. In the design of a damper, the primary func-
tional specification that needs to be achieved is the damping

Fig. 5 Target damping coefficient computation. (a) Mean knee flexion kinematics (angle and
angular velocity) for an able-bodied person [22]. The damping zone of interest is highlighted
(shaded region). (b) Target knee moment was used to estimate the optimal damping torque
in the damping zone (Tdamp in Eq. (1)).
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coefficient. The fundamental objective of our damping module was
to achieve the appropriate resistance required to enable close repli-
cation of able-bodied kinematics during late stance and swing for
level-ground walking and only body-weight loading, as the kine-
matics and kinetics change in other cases. Therefore, as a first
step toward designing an optimal damping module, the range of
target damping coefficients required for best possible replication
of able-bodied kinematics during knee flexion was determined
from published literature (for a fully passive damper). Publicly
available reference gait data from 19 able-bodied persons [34]
and the computational methods presented by Narang et al. [13,14]
were used to determine the target damping coefficient. Only a
brief summary is presented here.
Mean knee kinetics (moment) and mean knee kinematics (flexion

angle and angular velocity) data from able-bodied subjects walking
at self-selected speed on level-ground were used as reference targets
[34]. A typical example of the mean knee kinematics profile (knee
angle and angular velocity) for an able-bodied person is shown in
Fig. 5(a) [22]. A rotary viscous damper was modeled to engage
in the knee during the transition from stance to swing. The
damping module is applied starting in late stance, right as the stabi-
lity module unlatches, and is engaged until the knee maximum
flexion during swing. The corresponding section of the knee
flexion curve is highlighted in Fig. 5(a) (0–64 deg in case of full
leg extension during mid-stance), hereby referred to as the
“damping zone” of the gait cycle. The rotary hydraulic damper
acting at the knee was modeled as an ideal, first-order, shear-based
viscous damping element, formulated mathematically as follows:

Tdamp = −B · θ̇knee (1)

where Tdamp is the damping torque (Nm), expressed as the product
of the reference knee angular velocity over the damping zone, θ̇knee
(rad/s), and B, the damping coefficient (Nm/rad/s).
To estimate the optimal damping coefficient, the damping torque

Tdamp profiles were computed for a range of damping coefficients
(0–5Nm/rad/s) using Eq. (1). Over the damping zone, each Tdamp
profile was compared with the target knee moment profile
(Fig. 5(b)). The damping torque profile with the highest coefficient
of determination (R2 ) was selected. The corresponding damping
coefficient was identified as the optimal damping coefficient,
Boptimal (Fig. 5(b)). The value of Boptimal was found to be 1.5 ×
10−2 Nm/rad/s/kg (normalized to the body mass). Based on the
exact body mass of a prospective user, a damper prototype
with appropriately scaled Boptimal was hypothesized to enable
close replication of able-bodied kinematics during knee flexion.
For a person with body mass of 75 kg, the value of target Boptimal

is 1.13Nm/rad/s.
For persons with body mass ranging between 50 and 100 kg, the

range of nonnormalized Boptimal is 0.75–1.50Nm/rad/s. This range
of Boptimal served as the target range of damping coefficients to be
achieved through the mechanism design of the damping module
to achieve peak knee flexion during swing that is within the able-
bodied range (64 ± 6 deg for users with body mass in the range of
50–100 kg).

3.3 Mechanism Design and Operation. The damping
module was constructed to generate a high damping torque by
shearing a thin film of high-viscosity silicone oil. The principle of
shearing a thin film of fluid to generate a high braking force has
been used widely across many industries in different mechanical
embodiments. Common examples include automotive viscous cou-
plings, engine vibration dampers, tripod joints, and press brakes
[34,35].4 In active knees, the magnetorheological fluid damper
has been implemented in the shear-mode for low-speed walking
[29,36,37]. However, to our knowledge, shear-based damping has

not been explored in passive prosthetic knees due to the widespread
adoption of traditional cylindrical and rotary hydraulic dampers.
The detailed construction of our rotary damper prototype is illus-

trated in Fig. 6. The damping torque is generated by shearing a
highly viscous fluid trapped between the stator and rotor plates,
which are annulus-shaped plates that are coaxially stacked about
the knee axis. The stator plates are coupled to the cylindrical
housing by four projecting tabs on the outer edge, which mesh
into the keyways on the inner circumferential wall of the housing
(Fig. 6(a)). The rotor plates are coupled to the rotating shaft of
the prosthetic knee by four projecting tabs on the inner edge,
which mesh into the keyways on the rotor clutch. This coupling

Fig. 6 Design of the damping module. (a) Prototype: photo-
graph and computer-aided design (CAD) of the final assembly.
A stator plate, a rotor plate, and spacers are shown in the photo-
graph. (b) Cross-sectional view of the prototype. Silicone oil is
trapped between the rotor and stator plates to provide resistive
shear torque. (c) The damping module was mounted co-axial to
the prosthetic knee axis, as shown. The damper housing was
bolted to the shell of the prosthetic knee to provide rotational
constraint.4http://www.clearcoproducts.com/
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ensures that the rotor plates turn with the prosthetic knee shaft, as
the knee rotates in flexion. The housing is static relative to the rotat-
ing shaft, as it is rigidly coupled to the prosthetic knee assembly
(Fig. 6(c)). Spacers of specific height are placed between the con-
secutive stator and rotor plates. The small gap between the neigh-
boring plates is fully filled with the viscous liquid (Fig. 6(b)). As
the knee flexes, the rotor plates rotate with respect to the stator
plates, shearing the viscous fluid in between the plates. The result-
ing damping torque between the neighboring stator–rotor plate
combination is quantified by the following relationship, derived
by integrating the viscous shear stress caused by Couette flow of
the liquid along the annular area of the plates [38]:

Bplate =
Tdamp
θ̇knee

=
πμ
2t

(R4
2 − R4

1) (2)

where Bplate is the resultant damping coefficient, Tdamp is the
viscous damping torque, θ̇knee is the angular velocity of the knee
joint, μ is the dynamic viscosity of the fluid, t is the thickness of
the gap between the stator plate and rotor plate, R2 is the outer
radius of the stator or rotor plate annulus, and R1 is the inner
radius of the stator or rotor plate annulus. These variables are anno-
tated in Fig. 6(b).
The total damping torque for multiple neighboring stator–rotor

plates, as illustrated in Fig. 6, is expressed as follows:

Btotal = (2n) · Bplate (3)

where n is the number of rotor plates stacked between two neighbor-
ing stator surfaces; n = 4 in Fig. 6(b).
The housing and the housing cap of the damper prototype were

machined out of Polyacetal (Delrin). The stator and rotor plates
were made using Aluminum 6061 alloy sheets (Fig. 6(a)). The
spacers placed between the stator and rotor plates were made out
of precision shim stock of Polyacetal (±25 μm tolerance). The
rotor plates were coupled to a one-way roller clutch, which in
turn was coupled to the rotating knee shaft (Fig. 6(b)). The
one-way roller clutch ensured that damping was enabled only
within the damping zone, i.e., during the knee flexion of late
stance and swing (Fig. 5(a)). During knee extension, there was
no-damping torque generated and the knee shaft rotated freely
within the roller clutch.
The viscous fluid used in the damper consisted of polydimethyl-

siloxane, a silicone oil with a very high kinematic viscosity of
100,000 centistokes (Clearco Products, Willow Grove, PA). The
dynamic viscosity of the oil is 100 Pa s; for comparison, the
dynamic viscosity of water is 1mPa s. The oil displays a character-
istic shear-thinning behavior, with an apparent reduction in viscos-
ity as the shear rate or velocity gradient increases [38]. To account
for this dynamic change in viscosity, the damping torque calcula-
tion was adjusted based on the shear-thinning data provided by
the manufacturer.5 Below the critical velocity gradient (30 s−1),
the fluid behaves like a Newtonian fluid with a near constant kine-
matic viscosity of 100,000 centistokes. At velocity gradients higher
than 30 s−1, the kinematic viscosity drops in accordance to the fol-
lowing empirical power law relationship reported by the manufac-
turer6:

μkin = (4.32 × 105) · (vgrad)−0.43 (4)

where μkin is the kinematic viscosity of the fluid in centistokes and
vgrad is the magnitude of the velocity gradient or shear rate for a
fluid flowing between two parallel plates (in s−1), which is com-
puted as the ratio of the speed of the moving plate and the distance
between the moving and stationary plates.
The prototype was assembled in multiple stages. Starting from

the bottom surface of the housing, a stator–rotor plate pair was
stacked between the housing and the rotor (concentric to the knee

axis). A small, incremental volume of viscous oil was then injected
into the housing sufficient to fill up the space between the plate. The
oil was injected from the top. The prototype was then placed in a
vacuum chamber to minimize the entrapment of air bubbles in the
oil. Two small, diametrically opposite holes were also incorporated
in the plates to facilitate complete filling of the space between the
plates. This process was repeated in vacuum for each addition of
a stator–rotor plate pair in the stack. After all the plates were
installed with oil between them, the fully assembled stack was
sealed off with an o-ring between the housing and the cap, which
was bolted on top of the housing. A rotary shaft seal was incorpo-
rated between the rotating assembly and the stationary housing
(Fig. 6(b)).
Two prototypes of the damping module were built with five and

six pairs of rotor–stator plates, respectively (n= 5 and n= 6, R2= 30
mm, R1= 17.5mm, t= 0.8mm, and μ= 100 Pa s). The resulting
damping module prototypes weighed approximately 0.2 kg; the
fully assembled prosthetic knee prototype weighed approximately
1.3 kg. The mean damping coefficients for the two prototypes
were designed to be 1.11Nm/rad/s and 1.33Nm/rad/s, respectively,
as calculated using Eqs. (2) and (3). The five-plate damper proto-
type was ideal for a 75 kg user, and the six-plate damper prototype
was ideal for an 88 kg user. These damping coefficients were within
the target range of optimal damping coefficients (0.75–1.49Nm/rad/
s) based on the range of body masses of most users (50–100 kg), as
laid out in Sec. 3.2.

3.4 Damper Characterization. The theoretical model for the
design of the damper prototypes (Eqs. (2) and (3)) was investigated
by a damper tester built specifically for the empirical characteriza-
tion of the torque-velocity relationship of the two damper proto-
types (Fig. 7(a)). A velocity-controlled DC motor (VexRobotics,
Greenville, TX) was used to apply a constant velocity profile to
the damper and a magnetic encoder was used to record and
control the angular velocity. A load cell (LC101-250, Omega,
Norwalk, CT) measured the force experienced by the damper at a
fixed lever length. The velocity control and the data collection
were performed on a Visual Basic platform supported by VexRobo-
tics. This tester was first validated with two commercially available
viscous dampers (FDT-57 and FDT-63, ACE controls, Farmington
Hills, MI).7 The experimentally measured torque–velocity relation-
ship matched the values provided by the manufacturer of the com-
mercial dampers within an error margin of 0.5Nm, equivalent to 5%
of the nominal damping coefficient reported by the manufacturer.
The two damper prototypes (n= 5 and n= 6) were characterized

on the tester. To map the torque–velocity relationship, the motor
was used to apply five different constant angular velocity profiles.
These five values were chosen at equal intervals between 0 rad/s
and 6 rad/s. This range was chosen based on the range of knee
angular velocities observed in the gait of able-bodied people [22]
(Fig. 5(a)). At each value of the chosen constant velocity, a total
of ten rotations were completed and the damping torque was
recorded continuously through the load cell. The mean damping
torque was computed for each of these five values of angular velo-
cities, along with the corresponding standard deviation.
The results from the torque–velocity characterization of the two

prototypes showed that the experimentally measured damping coef-
ficients followed the model prediction well, with R2 values of 0.96
(five-plate damper) and 0.87 (six-plate damper) (Fig. 6(b)). The
mean damping coefficients of the two prototypes across the velocity
range were within 2% of the modeled mean values. Overall, the data
matched the model well (within 10%) at higher angular velocities
and showed a higher difference at lower speeds (within 30%).
The difference between the measured coefficients and the
modeled values could be attributed to a combination of factors
such as changes in the gap between the stator and rotor plates due

5See Note 3.
6See Note 3. 7http://www.acecontrols.com/
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to tolerance stack-up or wear, changes in viscosity due to heat gen-
eration, and uncertainty in the viscosity value of the oil. The visc-
osity of the oil was only accurate to within ±10% of the nominal
value, as specified by the manufacturer.8 Overall, the theoretical
model was found to be a useful design tool for sizing the damper
prototypes accurately for their applications in prosthetics.

4 Preliminary Testing on an Above-Knee Prosthesis
User
A prototype prosthetic knee was assembled by integrating the sta-

bility module and the damping module (Fig. 8(b)). The primary goal
of the preliminary experimental trial was to investigate the basic
functionality and safety of the prototype in the real-life scenario

of level-ground walking with the full magnitude of the GRF
exerted on the knee mechanism by a person with above-knee ampu-
tation (Fig. 8).

4.1 Experimental Protocol. The experimental trial was con-
ducted at the Jaipur Foot clinic in Jaipur, India.9 The MIT Commit-
tee on the Use of Humans as Experimental Subjects and the Jaipur
Foot clinic approved the experimental protocol. One male with
above-knee limb loss was recruited as the subject for the study
(body mass 75 kg and body mass index 25.8; Fig. 8). The subject
had over three years of walking experience with a polycentric pros-
thetic knee and a single-axis exoskeleton knee (Figs. 2(a) and 2(b)),
in combination with a single-part passive prosthetic foot made by
the Jaipur Foot clinic. Three different damping conditions (no
damping, five-plate damper, and six-plate damper) were tested in
three separate walking trials. A stepwise summary of the protocol
is presented here:

(1) Fitment: The prosthetic leg was assembled with the prototype
prosthetic knee and the single-part prosthetic foot made by
the Jaipur Foot clinic (Figs. 8(a) and 8(b)). The pylon
length was adjusted based on the subject’s height and the
customary socket used by the subject was used for fitment.
The on-site prosthetist at the clinic conducted the fitting
and static alignment.

(2) Training: After the fitment, the subject was trained to walk
with the prosthetic leg for 10 min with the support of parallel

Fig. 8 Preliminary testing on a single subject with above-knee
amputation in India. (a) The prosthetic leg assembly. (b) The
damping module was mounted and assembled co-axial to the
knee axis of the stability module. (c) The indoor walking track
used for walking trials. Each trial was recorded using an
iPhone camera at 240 frames per second.

Fig. 7 Damper characterization. (a) Damper tester used for
torque–velocity characterization of the damper prototype. The
housing of the damper prototype is connected to a load cell
through a lever arm to measure the torque, and the shaft is
driven by the velocity-controlled DC motor. (b) The measured
damping torque for 0–6 rad/s from the tester matched the model-
based prediction closely.

8See Note 3. 9See Note 2.
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bars. The goal of this exercise was to train the subject to use
the stability module correctly by trying to initiate timely knee
flexion and transition safely from stance to swing. After the
subject felt confident, the safety rails were removed and the
subject walked freely on level-ground without any support
for about 10–15 min at a relaxed cadence. The prosthetist
observed for any conspicuous gait deviations that could be
corrected through dynamic alignment of the prosthetic knee
and foot.

(3) Trials: Three indoor walking trials were conducted with each
trial involving level-ground walking for at least 5 min. The
subject was asked to walk back and forth on a straight
walkway of 15m length (Fig. 8(c)). In each trial, the stability
module remained the same, and three different damping con-
ditions were tested sequentially: no damping, five-plate
damper (ideal), and six-plate damper (high), respectively.
The subject was asked to walk at a comfortable, self-selected
speed during each trial. The subject was blinded to the order
of damping conditions.

(4) Data collection: Video of each walking trial was recorded
using an iPhone camera at 240 frames per second (Apple
Inc, Cupertino, CA). The camera was mounted on a tripod,
parallel to the walkway (Fig. 8(c)). Flat white circular
markers with a black background were placed on the
lateral side of the socket, knee joint, and the pylon
(Fig. 8(b)). To determine the knee angle in the sagittal
plane, the kinematics of the markers were tracked in the
video using an open-source motion tracking software
(DLTdv, Chapel Hill, NC) [39]. The upper leg (residual
limb and socket) and the lower prosthetic leg were
assumed to behave as rigid bodies. The knee angle in the
sagittal plane was computed as the difference between the
upper leg and the lower leg orientation in the sagittal plane
(Fig. 1(a)). Data smoothing was performed using a
low-pass Butterworth filter. The peak knee angle during
each recorded step that was captured by the camera was

computed and averaged over the trial. At least five steps
were recorded during each walking trial.

(5) Feedback: Each trial was monitored by the on-site prosthetist
for safety. At the end of each trial, the subject was inter-
viewed with open-ended interview questions designed to
elicit qualitative feedback. After the completion of the
three trials, the stability module and the two dampers were
visually inspected for any signs of wear, mechanical
failure, and oil leakage.

5 Results
5.1 Stability Module. The subject was able to use the latch

mechanism efficiently during the training period. The stability
module functioned as expected, enabling smooth stance to swing
transition while allowing the knee to flex during late stance
(Fig. 9(a)). If the prototype did not unlatch correctly, the subject
would have retained a straight leg into late stance and swing,
which would likely lead to a stumble. No stumbles were observed
during the three walking trials. Inspection of the mechanism after
the trials showed no signs of mechanical failure.
In the feedback interview, the subject reported “smooth and intu-

itive” control and appreciated the locking feature of the stability
module. In comparison to the polycentric knee that the subject
had been using, they reported a “greater sense of safety” during
early stance. The subject expressed a strong disapproval of the
loud, clicking noise of the latching mechanism and emphasized
the need to have an aesthetically pleasing cosmesis to enclose the
mechanism of the prototype.

5.2 Damping Module. According to the preliminary results,
each of the three damping conditions had a direct effect on the
peak knee flexion angle achieved by the user during the walking
trials (Fig. 9(b)):

Fig. 9 Experimental trial. (a) Subject walked comfortably on level-ground; snapshots through a full gait cycle are shown for the first
walking trial (read left to right). (b) Snapshots of the peak knee flexion angle in the swing phase for the three walking trials. (c) The
mean peak knee flexion angle decreased with the increase in the damping coefficient. The damping coefficient could be tuned to
achieve able-bodied range of peak knee flexion (shown in the shaded band).
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(1) In the first walking trial, no damper was incorporated in the
prosthetic knee and the mean peak knee flexion was 71.7 ±
7.3 deg (SD).

(2) In the second walking trial, the five-plate damper prototype
was used. The damper had a mean damping coefficient of
1.11Nm/rad/s, as characterized by the damper tester. This
damping coefficient value was close to the target damping
coefficient required to enable peak knee flexion in the
able-bodied range for the subject (Boptimal= 1.13Nm/rad/s
for 75 kg subject body mass, as discussed in Sec. 3.2). The
mean peak knee flexion angle in this trial was 55.2 ± 3.9 deg,
and the estimated knee angular velocity was 6.4 rad/s.

(3) In the third walking trial, the six-plate damper was used,
which had a mean damping coefficient of 1.33Nm/rad/s.
This damping coefficient was higher than the target
damping coefficient for the subject (1.11Nm/rad/s). The
mean peak knee flexion angle was 43.7 ± 1.6 deg, and the
estimated knee angular velocity was 5.7 rad/s.

In the feedback interview, the subject reported discomfort in ini-
tiating flexion due to “heavy resistance” in the third walking trial
with the six-plate damper. The subject was not able to perceive
any significant difference between the no-damping condition and
five-plate damper. The dampers were visually inspected after the
walking trials. No conspicuous signs of mechanical failure or
leakage were found.

6 Discussion
6.1 The Effect of Damping on Peak Knee Flexion. The

results from the preliminary testing of dampers on a single individ-
ual with above-knee amputation showed a clear trend (Fig. 9(c)). An
increase in the first-order damping coefficient led to a decrease in
the peak knee flexion during swing. Multiple studies have reported
a similar trend for traditional hydraulic dampers and friction-based
dampers [21,29]. In the no-damping condition, the peak knee
flexion was slightly higher than the able-bodied range. The peak
knee flexion in the able-bodied population is approximately 64 ±
6 deg (1 SD) [13]. The five-plate damper achieved knee flexion
closer to the able-bodied range. With the six-plate damper, the
observed knee flexion was much smaller than the able-bodied
target, as indicated by the computational model used to compute
the target damping coefficient. These results demonstrate the impor-
tance of damping during late stance and swing phases of walking.
With the appropriate magnitude of first-order damping tuned for
each user, knee flexion in the able-bodied range can be achieved
in a fully passive architecture of a knee prosthesis. Knee flexion
close to able-bodied gait is particularly relevant for low-income
users of passive prosthetic knees in the developing world, who
repeatedly report the need for an inconspicuous gait to mitigate
the severe socioeconomic discrimination associated with disability
[4,6,9].

6.2 Mechanism Innovation. The combination of the two
mechanism modules presented in this article addresses the mechan-
ical limitations of existing passive prosthetic knees designed for
low-income users in the developing world. With the advent of
active lower limb prostheses in the developed world over the last
two decades, many studies in lower limb prosthetics have focused
on the optimization of electromechanical systems to achieve
better clinical outcomes for users. Over the same time period,
only a few innovations have been commercialized in passive,
low-cost prosthetics [6–8]. A large proportion of persons living
with major lower limb loss in the developing world cannot afford
the active prosthetic technology being developed for the high-
income, insurance-driven markets of Europe and the Americas.10

The stability and damping modules presented in this article offer

high-performance, passive solutions toward improving walking
kinematics, with the eventual goal of mitigating the socioeconomic
discrimination, resulting from amputation among low-income
users.
This study discusses two novel mechanism applications that were

informed by deterministic design principles in the specific context
of prosthetic knee design [40]. In the design of the four-bar latch
in the stability module, we implemented a quantitative, geometric
method to optimize the flexion zone available to above-knee pros-
thesis users to initiate late stance flexion. In the design of the shear-
based damping module with first-order resistive torque, we
extended its prior application from other industries to the field of
lower-limb prosthetics. Further, we presented a deterministic
sizing model and an assembly technique that can enable researchers
and designers of passive prosthetic knees to tailor the damping
mechanism to specific user needs. Since the damping coefficient
is controlled by the number of rotor and stator plates, while the
housing, coupler, and other components remain the same, this
design can be translated into a low-cost product. In addition,
medical devices that require high braking torques in small confined
spaces, such as exoskeletons and orthotic braces, could implement
the damping mechanism presented in this article. The patent appli-
cations filed for these mechanisms lay out the detailed construction
and alternative embodiments that may be applied to different con-
texts [41,42].
Finally, a distinct feature of both the mechanisms is their modular

applicability to existing single-axis prosthetic knees. For example,
the four-bar latch could be incorporated in existing single-axis
knees (Figs. 2(a) and 2(c)) to improve their stability performance.
The 3R80 passive prosthetic knee made by Ottobock uses a conven-
tional rotary hydraulic damper, which may be substituted with the
co-axial, rotary damper designed in this study [43].

6.3 Limitations. The flexion zone analysis for the stability
module was presented only for level-ground walking, whereas pros-
thesis users in the developing world often need to navigate uneven
terrains [5,44]. A similar analysis could be carried out using able-
bodied gait data for walking on slopes and inclines. This could
further optimize the location of the virtual locking axis and the cor-
responding flexion zone.
The presented testing in India is preliminary and should be con-

sidered as qualitative proof of the knee performance. The knee
flexion data presented are calculated only in two dimensions and
does not capture any possible rotation in the frontal plane. In addi-
tion, a sensitivity study has to be conducted to characterize the
effect of damping changes on the gait of the subject. A quantitative
study in a motion capture setting is required to accurately obtain the
knee flexion angles and fully describe the performance of the pre-
sented knee mechanism.
The structural design of the prototype did not account for

the cyclic loading of walking, which could lead to fatigue-
induced failure of the four-bar latch prototype. A full fatigue anal-
ysis of the mechanism would be required before long term trials,
in compliance with the ISO-10328 guidelines for prosthetic
devices [45].
A significant future innovation in the damping module could be

the addition of an adjustment mechanism to tune the magnitude of
damping. Traditional hydraulic cylinders achieve this flexibility by
providing adjustment of the orifice diameter between the two fluid
chambers [33]. Multiple strategies could be considered to achieve
adjustability within the current architecture of the damping
module (Fig. 6): (i) changing the separation (t) between the
plates, (ii) a retractable key coupling between the rotating plates
and the shaft that changes the effective number of plate pairs (n)
causing the fluid-shear, and (iii) an additional pumping mechanism
to change the amount of fluid available for generating the shear
torque. However, implementing these strategies into a compact
module remains a significant mechanical design challenge. An
innovative adjustment mechanism that does not drastically change10See Note 2.
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the rotary damper architecture could enable the adoption of the
damping module at scale. It could also drastically reduce the
setup time in clinical practice and potentially allow users to tune
the damping magnitude based on their comfort.

7 Conclusions
In this study, we presented the design methodology and prelim-

inary validation of two distinct mechanisms relevant to applications
in single-axis prosthetic knees.
We presented a novel mechanism in the stability module, which

was designed to achieve the dual function of stability during early
stance and controlled instability that allows knee flexion during
late stance. The mechanism of this module was implemented by a
latch mounted on a four-bar linkage with a low and distal virtual
locking axis, which widened the flexion zone near the knee while
maintaining a narrow flexion zone near the foot. The distal location
of the virtual locking axis also minimized the possible hyperexten-
sion to within 1 deg. The damping module was implemented with a
concentric stack of stationary and rotating pairs of plates shearing
thin films of high-viscosity silicone oil. The first-order damping
torque was applied co-axially to the knee axis, which provided
the required resistance to achieve smooth, able-bodied knee
flexion during late stance and swing.
For preliminary user-centric validation, a prototype prosthetic

knee with the stability module and two dampers with different mag-
nitudes was tested on a single individual with above-knee amputa-
tion in India. The stability module was found to function as
expected, enabling smooth stance to swing transition and timely ini-
tiation of knee flexion. The dampers also performed satisfactorily,
as an increase in the damping magnitude was found to decrease
peak knee flexion angle during swing phase. Possible applications
and further innovations in existing single-axis prosthetic knees
were discussed that can significantly improve the kinematic perfor-
mance of low-cost, passive prostheses designed for the developing
world.
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Appendix: Prosthetic Knee Stability Module Dimensions
Figure 10 and Table 1 present the dimensions of the four-bar

linkage that sets the virtual locking axis (VLA) in the stability
module. The VLA corresponds to the instantaneous center of

rotation of the four-bar linkage. The general process of setting the
VLA with respect to the knee axis is presented in Sec. 2.2.1.
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