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An Underactuated Active Transfemoral Prosthesis
With Series Elastic Actuators Enables Multiple
Locomotion Tasks
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Abstract—Robotic lower limb prostheses have the power to rev-
olutionize mobility by enhancing gait efficiency and facilitating
movement. While several design approaches have been explored
to create lightweight and energy-efficient devices, the potential of
underactuation remains largely untapped in lower limb prosthet-
ics. Taking inspiration from the natural harmony of walking, in
this article, we have developed an innovative active transfemoral
prosthesis. By incorporating underactuation, our design uses a
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single power actuator placed near the knee joint and connected to a
differential mechanism to drive both the knee and ankle joints. We
conduct comprehensive benchtop tests and evaluate the prosthesis
with three individuals who have above-knee amputations, assessing
its performance in walking, stair climbing, and transitions between
sitting and standing. Our evaluation focuses on gathering position
and torque data recorded from sensors integrated into the prosthe-
sis and comparing these measurements to biomechanical data of
able-bodied locomotion. Our findings highlight the promise of un-
deractuation in advancing lower limb prosthetics and demonstrate
the feasibility of our knee—ankle underactuated design in various
tasks, showcasing its ability to replicate natural movement.

Index Terms—Powered prostheses, series elastic actuator (SEA),
underactuation, wearable robotics.

NOMENCLATURE
BER Brakes engagement regulator.
FC Foot contact.
FF Foot flat.
FO Foot off.
FPGA Field programmable gate array.
FSM  Finite-state machine.
HO Heel off.
MF Maximum thigh flexion.
MS Mid swing.
SEA Series elastic actuator.
SOM  System on module.
SPF Sensorized prosthetic foot.
vGRF  Vertical ground reaction force.
yCOP  Center of pressure along the antero—posterior axis.

I. INTRODUCTION

MPROVEMENTS in the quality of treatment are leading
I to a reduced incidence of lower limb amputation [1], [2].
Nonetheless, it is expected that more than 3 million people will
undergo amputation by 2050 in the USA alone [3]. Among lower
limb amputations, above-knee (i.e., transfemoral) amputation
can be highly debilitating, as transfemoral amputees typically
experience slower walking speeds [4], an elevated risk of balance
loss [5], and up to 2.5 times higher energetic costs of walking
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than nonamputees [6]. These factors can significantly limit mo-
bility and impair a person’s quality of life [7]. The prevalence of
this issue is particularly worrisome among dysvascular patients
[8], who constitute the largest proportion of individuals with
transfemoral amputations [9], [10].

Most commercially available transfemoral prostheses are pas-
sive or semiactive devices, which do not power the whole gait
cycle [11]. This determines alterations in the biomechanics of
locomotion [12] that can cause secondary complications, such
as chronic back pain and osteoporosis [13], [14].

Active (or robotic) prostheses are equipped with actuators that
allow the replication of the main biomechanical functions of the
missing limb. As a result, these devices have the potential to
improve prosthetic gait efficiency and facilitate the execution
of demanding tasks, such as climbing stairs and transitioning
between sitting and standing [15], [16], [17]. Different design
approaches have been explored to efficiently match the torque
and speed performance of human joints. Elastic elements in
series and in parallel to motors have been used to simulate the
biological joint impedance and reduce the torque requirements
of the actuation unit [18], [19], [20], [21], [22]. High-torque
actuators have been coupled with low reduction ratio gears to de-
crease output impedance and increase back drivability [20], [23].
Hybrid design strategies [24], [25] and variable transmission
mechanisms [26], [27] have been proposed to limit the weight
of prosthetic devices.

Interestingly, hand prostheses [28], [29], [30] and powered
exoskeletons [31], [32], [33], [34] have extensively investigated
the use of underactuation, resulting in multijoint and lightweight
devices. In particular, differential mechanisms have been used
to mechanically couple the actuation of multiple joints that are
coordinated during the execution of a task, such as the digits
during grasping [28], [30], the hip joints during walking [35],
or the trunk and hips during lifting tasks [32], [33]. Recently,
an underactuated mechanism was introduced in the design of
an ankle/toe prosthesis to match the synergy of the metatarsal
joint and promote energy recovery [36], [37]. In this framework,
a concept for an underactuated transfemoral prosthesis could
leverage the knee—ankle kinematic coordination in the main lo-
comotion tasks [38]. The possibility to distribute power between
the two joints complies with the variable power requirements
they exhibit across different activities and gait phases [39].

This article presents the MOTU Transfemoral Synergy Pros-
thesis (SynPro), a knee—ankle prosthesis driven by a single
power actuator. To the best of our knowledge, this prototype
represents the first instance of a prosthesis incorporating a
differential mechanism to convey the power of a single motor
to both the knee and ankle joints. During a substantial por-
tion of the gait cycle, in which the knee flexion/extension is
coupled to the ankle plantarflexion/dorsiflexion, the differential
mechanism enables the simultaneous movement of both joints
through the single power actuator. Additionally, the prosthe-
sis incorporates a braking system, driven by two low-power
servoactuators, to manage the coupling between the two joints
and to independently power a single joint. This feature extends
the prosthesis’ functionality beyond walking, enabling users to
perform tasks such as stair negotiation and sit/stand transitions.
Furthermore, each joint incorporates series elasticity, resulting
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Fig. 1. Kinematics and power profiles of the knee and ankle joints during
level-ground walking, stair ascending, stair descending, and kinematic profiles
of the joints during sit-to-stand and stand-to-sit. Data adapted from [39] and
[56].

in a force-sensing architecture for compliant interaction with
the ground [40]. Benchtop tests and experiments conducted with
three individuals with above-knee amputation demonstrated that
the presented underactuated prosthesis can assist in performing
essential locomotion tasks, such as level-ground walking, stair
ascending and descending, and sit/stand transitions.

The rest of this article is organized as follows. Section II
describes the kinematic synergies and power requirements that
inspired the SynPro design, as well as the mechatronic archi-
tecture and control system of the prosthesis. Sections III and
IV report the benchtop tests and experiments with subjects
with transfemoral amputations, respectively. The results are
discussed in Section V. Finally, Section VI concludes this article.

II. SYNPRO DESIGN

A. Kinematic Synergies and Power Requirements of the Knee
and Ankle Joints

Human gait is a complex activity that requires the coordina-
tion of multiple body segments [41]. In walking, the coordinated
movement pattern—that we refer to as kinematic synergies—
between the knee and the ankle joints is particularly evident
from the heel off (HO) event (see the yellow patch in Fig. 1)
[42]. During the late stance, from HO to foot off (FO), the knee
flexion is coordinated with the ankle plantarflexion to control the
lifting of the leg. During this phase, the ankle generates a peak of
power, while the knee dissipates power. In the swing phase, after
reaching the peak flexion angle, the knee extends in coordination
with the ankle dorsiflexion to ensure foot clearance. The knee
acts again as a damper, showcasing a peak of energy absorption
in late swing.

Stair negotiation tasks and sit/stand transitions exhibit dif-
ferent patterns of movement of the knee and ankle joints, as
the knee typically takes the lead in terms of movement and
power exertion to support the body’s weight [43]. At the FC of
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(d) Lateral CAD view of the differential mechanism.

stair ascending, the knee joint is flexed and the ankle is slightly
dorsiflexed. During stair ascent, the ankle plantarflexes, while
the knee extends, generating significant power to lift the user’s
body upward. In contrast, stair descent is characterized by energy
absorption and dissipation. The knee joint flexes throughout
descent and achieves maximum flexion right after FO. The
ankle joint remains dorsiflexed for most of the stance phase and
starts to plantarflex in late stance. During sit/stand transitions,
the knee extends and flexes to lift and lower the body, and the
ankle joint plantarflexes and dorsiflexes to provide stability and
balance.

The analysis of biomechanical profiles reveals that the com-
bined knee and ankle power is lower than the total power required
to separately actuate the two joints. This suggests the feasibility
of employing a single actuator to power both joints, thereby
reducing the mechanical and electrical components associated
with a second power actuator. Furthermore, leveraging a single
power actuator could foster the synergistic movement between
the knee and ankle joints, promoting more efficient and coordi-
nated locomotion.

B. Overview of the SynPro

The system, as shown in Fig. 2(a) and (b), includes the knee
and ankle joints, the power unit, the battery, the electronic board,
and a sensorized foot, a part of the multimodal sensory system of
the prosthesis. The electromagnetic power unit is coupled with a
differential gearbox equipped with disc brakes. The differential
mechanism and the transmission chain of the SynPro enable the
simultaneous actuation of knee flexion with ankle plantarflexion
and knee extension with ankle dorsiflexion. This design choice

IEEE TRANSACTIONS ON ROBOTICS, VOL. 40, 2024

Elastic Harmonic drive
elements (100:1)
I
Two-pulley belt
drive (2.5:1)
|
Bevel gear
(1:1) Servo
Power T motors
actuator |
Disc brakes
=2
' G2\ | Differential
= ifferentia .
Belt gearbox 235
drive 5o
(2.5:1) Disc brakes [ €
|
Bevel gear .
(1:1) p o
I Disc 3
|
Two-pulley belt brakes .‘%
drive (4:1) Leverage
Elastic I mechanism
elements Harmonic drive
(100:1)
(©) (d)

(a) Overview of the SynPro. (b) Frontal CAD view of the SynPro’s mechanical components. (c) Schematic representation of the transmission stages.

TABLE I
REQUIREMENTS AND CHARACTERISTICS OF THE SYNPRO

User Max Weight 100 kg
Max Torque 110 Nm
Knee joint Speed ~200 °/s
RoM -5° —+120°
Max Torque 120 Nm
Ankle joint Speed ~200 °/s
RoM -35° —+35°
Weight of the device 6.2 kg
Length of the device
(distanci between the joints) 295341 mm
Maximum power 200 W
Power supply Battery pack

aims to harness the synergic movement of the knee and ankle
joints during walking, which is the most common locomotion
mode [39]. The disc brakes located at the outputs of the differen-
tial gearbox [see Fig. 2(c) and (d)] serve two essential functions.
First, during the synergistic actuation of the knee and ankle
joints, they ensure that the joints remain within the physiological
range of movement. Second, when the synergic motion is not
required, such as during stair negotiation, fully engaging a disc
brake blocks the movement of a joint, thereby enabling the motor
power to actuate only the opposite joint. When a joint is braked,
the series elasticity fosters compliance, energy absorption, and
shock tolerance, contributing to the overall stability and safety
of the SynPro [43], [44]. The entire system weighs 6.2 kg,
including the battery pack and the wiring. The requirements
and characteristics of the prosthesis are summarized in Table I.



FAGIOLI et al.: UNDERACTUATED ACTIVE TRANSFEMORAL PROSTHESIS WITH SERIES ELASTIC ACTUATORS

C. Power Unit and Differential Gearbox

The SynPro is powered by a 200 W brushless dc motor
(EC 4-pole 30, Maxon Motor, Sachseln, Switzerland), equipped
with an incremental encoder (1024 ppr, ENC 16 EASY, Maxon
Motor, Sachseln, Switzerland). The motor is placed along the
longitudinal axis of the prosthesis, close to the knee joint to
limit the device’s distal mass. A belt drive (reduction ratio
2.5:1) transfers the mechanical power from the motor axis to
the input axis of the differential gearbox, which is based on a
patent-pending concept [45]. The power from the input axis is
distributed between the two output axes (connected to the knee
and ankle joints) by the differential gearbox, whose working
principle is described by Willis’ equation

Wg + Wq
2

Q= (1)

where () is the angular speed of the input shaft (i.e., planet
gear carrier), and w, and wy, are the angular speeds of the two
output shafts, which depend on the engagement status of the
disc brakes. Assuming negligible friction and inertial terms,
when the disc brakes are disengaged, the input torque 7 from the
motor is equally split to the output shafts of the gearbox [33].
In a preliminary bench testing phase, we verified the relation
between the motor velocity and the velocity at the outputs of
the differential gearbox when both joints were free to move
and when one brake was engaged. We determined that possible
backslash in the transmission did not compromise the validity
of Willis’ law. Moreover, when commanding a current to the
motor, we compared the torque at the input and outputs of
the differential mechanism in static conditions (i.e., with the
prosthesis’ outputs blocked and the disk brakes disengaged)
and empirically quantified the transmission friction torque to be
approximately 10%—20% of the motor torque. When engaged,
a disc brake will exert a braking torque 7; on the respective
output of the differential gearbox. If the brake of the knee is
engaged, the motor torque is transmitted at the two outputs of
the differential gearbox as follows:

_ T . . |wi —wa |

Tk = 2 7 Thae " wp—we )
T |lwr —wal

Ta - 5 + 7'fknee ! We—Wgq

where 7j, and 7, are the torques at the outputs of the differential
gearbox at the knee and ankle sides (i.e., before the transmission
stages). The analogous relation holds if the ankle brake is en-
gaged. When the braking torque equals the torque contribution of
the motor 7, the angular speed of the braked output shaft is zero,
and no motor torque is transmitted to the braked prosthetic joint.
The disc brakes are controlled by two servomotors (D145SW,
Hitec, San Diego, CA, USA) through leverage mechanisms,
one of which is highlighted in Fig. 2(d). The output of each
servomotor can be moved in the range 0°-120°. For each brake,
two positions were empirically determined: B, when the brake
is engaged (i.e., the respective joint cannot be moved), and By
when the brake is disengaged (i.e., the joint can be actuated or
moved by an external force).
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D. Knee and Ankle Joints

The transmission chain going from the output of the differ-
ential gearbox to the knee joint is schematically shown in the
red box in Fig. 2(c). The rotary motion of the output shaft of
the differential gearbox is transferred from the longitudinal to
the transversal axis of the prosthesis by a bevel gear mechanism
(reduction ratio 1:1). The output of the bevel gear is the input
to a two-pulley belt-drive mechanism (reduction ratio 2.5:1),
whose distal pulley is connected to a harmonic drive (CSD-25-
100-2A-GR, reduction ratio 100:1, Harmonic Drive, Limburg,
Germany), coaxial with the axis of the knee joint. Four custom
torsional springs are connected in series to the output of the
harmonic drive. The knee joint can move between —5° and 120°
(flexion positive).

The transmission chain going from the output of the differ-
ential gearbox to the ankle joint is schematically shown in the
blue box in Fig. 2(c). The output shaft of the differential gearbox
is linked to a Cardan joint with an adjustable length (stroke of
52 mm). The motion is transferred from the longitudinal to the
transversal axis of the prosthesis through a bevel gear (reduction
ratio 1:1), coupled with a two-pulley belt drive (reduction ratio
4:1) and a harmonic drive (CSD-25-100-2A-GR, reduction ratio
100:1, Harmonic Drive, Limburg, Germany). The ankle joint can
move between —35° and 35° (dorsiflexion positive).

The elastic elements at the knee and ankle joints were de-
signed to have an equivalent stiffness of 580 N-m/rad [46],
comparable with the quasi-stiffness of a healthy joint (ranging
between 200 and 700 N-m/rad in walking tasks [47], [48]). The
springs serve as sensing elements that measure the torque after
the transmission stages of the joints, inherently accounting for
the transmission losses.

E. Multimodal Sensory System

The sensory apparatus of the SynPro includes the following:

1) two absolute encoders per joint (20-bit resolution, Ak-
sim2, RLS, Komenda, Slovenia) to measure the deflection
of the elastic element and the output joint position, needed
to compute the torque applied to the joint with a resolution
of 3.4 mN-m;

2) a remote nine-axis inertial measurement unit (IMU)
(MPU9250, TDK/InvenSense, San Jose, CA, USA) to
monitor the movement of the residual limb;

3) an onboard IMU (iNemo, LSM9DS1, STMicroelectron-
ics, Geneva, Switzerland);

4) a sensorized prosthetic foot (SPF).

The SPF consists of a commercial prosthetic foot (LP Vari-
Flex, Ossur, Reykjavik, Iceland), which embeds a 9-axis IMU
(MPU9250, TDK/InveSense, San Jose, CA, USA) and 16
pressure-sensitive elements based on optoelectronic technology
[49], [50], [51], [52]. The sensing elements are organized in a
series of scalable printed circuit board (PCB) matrices along
the foot’s antero—posterior axis. Sensors are placed in the most
loaded plantar regions (i.e., the heel and the forefoot) to enhance
the detection of gait events, such as foot contact (FC) and FO.
The signals from the pressure-sensitive elements of the SPF and
the IMU are acquired using a data acquisition board enclosed in
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Fig. 3. Hierarchical control architecture of the SynPro. Using signals from the onboard sensors, the high-level control layer decodes locomotion-related phases

through FSMs. Depending on the detected phase, the middle-level control layer computes a reference profile and manages the engagement of the brakes through
the BER. Based on the reference profile and the desired brake configuration, the low-level control layer computes the current to the motor through PID regulators

and the current to the servomotors that control the disc brakes.

a plastic box, which communicates with the electronic board of
the SynPro through differential serial peripheral interface buses.

F. Electronics

The electronic board of the SynPro is composed of two layers:
a main board and an actuator power board. The main board
embeds the control logic unit, i.e., a system on module (SOM)
SbRIO-9651 (National Instruments, Austin, TX, USA) equipped
with a Xilinx Zynq-7020 containing a field programmable gate
array (FPGA) and a dual-core ARM processor running an NI
real-time operating system. The SOM connects via Wi-Fi to
a remote laptop for online monitoring of the prosthesis’ func-
tioning. In addition, the main board collects the signals coming
from the prosthesis sensors. The actuator power board includes
the servoamplifier components for the main motor (Elmo Gold
Twitter 30 A/60 V, Maxon Motor, Sachseln, Switzerland) and
for the two servomotors, and the power supply management
unit (dc/dc, Traco Power, Baar, Switzerland). The prosthesis
is powered by a commercial battery pack (Li-Ion, eight cells,
28.8 V=2250 mAh, Inspired Energy, Kirkham, U.K.). An exter-
nal emergency button can be operated to disable the motor driver
in case of adverse events (safe torque off) [53].

G. Control System

The control system of the SynPro employs a three-layered
hierarchical architecture (see Fig. 3). In the high-level con-
trol layer, task-specific finite-state machines (FSMs) decode
locomotion-related phases from data collected by the onboard
sensors, the IMUs, and the SPF. Based on the task and decoded
phase, the middle-level control layer computes the desired posi-
tion or torque reference. This control layer includes a software
module, the brake engagement regulator (BER), which manages
the engagement of the brakes through the servomotors. Both the

high-level and middle-level control layers run on the real-time
processor at a frequency of 100 Hz.

The low-level control layer computes the current i, required
by the power actuator to track a desired reference r4es, and the
currents (2 and 727KI) to set the servomotors in the desired
positions (BX*¢ and Bie  respectively). Four proportional—
integral—derivative (PID) regulators, two for the knee joint and
two for the ankle joint, track either joint position or joint torque
depending on the monitored feedback variable. Based on the
error between the desired reference and the measured feedback
variable, the PID regulators return a current in the range of [ 20,
20] A to drive the power actuator. The low-level control layer
runs on the FPGA at a frequency of 1 kHz.

1) Brakes Engagement Regulator: The BER is a software
module designed to regulate the engagement of the knee and
ankle brakes during the functioning of the SynPro. The BER
includes three brakes’ configurations: Both, Single, and None.
In the Both configuration, both brakes are fully engaged and the
current to the power actuator is set to zero. This configuration is
useful for weight-bearing tasks since it implies almost null power
dissipation. In the Single configuration, one joint is completely
braked, while the other joint is controlled by a PID regulator.
When the system switches the behavior of the two joints (the
braked joint becomes the controlled one and vice-versa), the
BER manages the noninstantaneous dynamics of the brakes by
introducing a time window in which both brakes are engaged
before disengaging the brake of the joint that will be controlled.
The duration of the time window was experimentally set to
130 ms.

Finally, the None configuration is used when the knee and
ankle joints are synergically actuated (i.e., one joint is controlled
by a PID regulator, while the opposite joint moves due to the
mechanical coupling with the controlled joint). In this configu-
ration, the BER maintains the movement of the noncontrolled
joint between a maximum flexion angle ag.x and a maximum
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FSMs for (a) walking, (b) stair ascending, and (c) stair descending. The upper row shows the FSMs’ phases and the phase transition conditions. The

lower row displays the joint variables and the brakes’ engagement for each locomotion task and respective phases. These data depict a single stride recorded during

preliminary tests with the prosthesis. D stands for disengaged, and E for engaged.

extension angle aey. Given the position gy, of the noncon-
trolled joint at the start of the None configuration, the desired
position of its servo By is computed as follows:

Be=Ba -

Qdir —
where ag; 1S equal to aex if the joint is flexing or to ey if the
joint is extending. The proportional engagement of the brake
described in (3) was designed to progressively decelerate the
noncontrolled joint when it approaches the boundary positions.

Bdes (t) = estan) + Bd (3)

estan

H. FSMs and Reference Computation

Task-specific FSMs decode the locomotion-related phases of
walking, stair ascending, and stair descending. At the current
development stage, transitions between different locomotion
tasks are manually triggered by the experimenter.
1) Level-Ground Walking: The walking FSM, as shown in
Fig. 4(a), detects in real time the following events.
1) FC: The vertical ground reaction force vVGRF estimated
by the SPF is above a threshold thll”k [49], [50].

2) Foot flat (FF): The foot lies on the ground in a quasi-
static position. This event is detected by verifying that the
ankle joint angle 6,, the angular speed measured by the

shank IMU wghank " and the standards’ deviations of the
same angular speed o and of the center of pressure

oycop over five samples are below set thresholds (thy'™,).
3) HO: The anterior—posterior coordinate of the center of
pressure yCoP estimated by the SPF [50] and its standard
deviation over five samples o, cop are above the thresholds
th@* and th¥*, respectively.
4) FO: The vGRF is below a threshold th¥".
5) Mid swing (MS): A set time thg’k has elapsed from FO.
These events segment the gait cycle into five phases. During
early stance (FC to FF), the ankle joint is plantarflexed to an angle
o to avoid foot slap. To increase the prosthesis’ stability at
FC, the knee joint is braked, promoting the absorption of the
impact energy by the elastic element. During mid stance (FF to
HO), the ankle joint is braked so that its elastic elements (i.e.,
the series springs and the prosthetic foot) can compress and
store energy. In this phase, the knee brake is disengaged, and
the joint is commanded at an angle 5{*. In late stance (HO to
FO), the knee flexion is commanded toward an angle 35’ k while
the ankle joint plantarflexes due to the coupling with the knee
joint, and the BER prevents it from reaching nonphysiological
positions. In early swing (FO to MS), the ankle joint is braked,
while the knee flexes to ensure foot clearance. In late swing (M'S
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to FC), the BER is in the None configuration: the knee extends
up to the angle BY*, while the ankle dorsiflexes synergically
[see Fig. 4(a)].

2) Stair Ascending: The stair ascending FSM decodes the
following gait events, as shown in Fig. 4(b).

1) FC: The vGRF is greater than a threshold thi®.

2) FO: The vGRF is lower than a threshold th3“.

3) Maximum thigh flexion (MF): The leg is lifted to position
the foot on the next step. This event is detected when
three conditions are verified. The knee joint angle 6}, and
the rotation angle around the transversal axis estimated
by the thigh IMU Qzl:gh surpass thresholds th3® and th3®,
respectively. Then, the thigh IMUs angular speed wgfgh is
lower than a threshold thz“.

These events segment stair ascending in three phases, during
which the ankle joint is braked. In the stance phase (FC to FO),
the knee joint extends up to the angle 37 to transfer the user’s
body upward. In early swing (FO to MF), the knee flexes up to
the angle 55%. In late swing (MF to FC), the knee joint is braked
to facilitate proper foot placement on the next step.

3) Stair Descending: The FSM of stair descending, as shown
in Fig. 4(c), decodes two events.

1) FC: The vGRF is above a threshold th$?.

2) FO: Three conditions must be verified within 70 ms. The
knee joint is flexed above an angle thi?, the standard
deviation of the knee joint over five samples o, is above a
threshold th§?, and the zero crossing of the angular speed
of the shank around the transversal axis w;™* is detected.

FC and FO segment stair descending into stance and swing.
In both phases, the ankle is braked in a neutral position. During
stance, the knee joint is commanded by an extension torque
Tdes Proportional to the measured knee flexion angle 6 and the
flexion rate Qk

Taes (1) = —k1 -0 (t) — ko - 0k (t) + 70 4)

where k; and ks are the stiffness and damping constants, and 7
is an offset value that ensures torque continuity. After FO, the
knee joint is extended up to the angle 3;¢.

The ankle joint is locked during stair negotiation to foster
shock absorption at FC and improve the perceived stability of
the prosthesis in tasks that are typically challenging for people
with a transfemoral amputation [17].

4) Sit/Stand Transitions: When the user is standing, the BER
is in the Both configuration to bear the user’s weight. During
stand-to-sit, the ankle joint is braked, and the knee is commanded
by an extension torque that increases as the user’s center of mass
moves downward. The torque T 45 is computed as follows:

Tdes (t) = —k1-0; (t) — ko 'Sin(2~9k (t))+7'0 (®)]

where 0}, is the knee joint angle, k1 and ko are the stiffness
constants, and 7 ensures the torque continuity during the tran-
sition. The first term of the equation is proportional to the
measured knee flexion angle, while the sinusoidal term increases
the desired torque in the middle of the movement. Once the user
is seated, the controller unloads the knee joint by commanding
zero torque, and the BER goes in the Both configuration. When
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sitting, the knee joint is not constrained to a particular angle, thus
enabling sitting down and standing up from any chair’s height.

During sit-to-stand, the ankle joint is braked and the knee joint
is controlled along a sigmoidal reference trajectory to reach a
fully extended position.

III. BENCHTOP EXPERIMENTS
A. Characterization of the Position Regulators

The characterization of the PID position regulators was per-
formed in the Single configuration. The prosthesis was placed
horizontally on the bench without external loads applied at the
joints.

Five consecutive steps of 5°, 10°, and 15° were commanded at
each joint starting from the 0° position. The step response was
characterized by computing the mean and standard deviation
of the rise time (i.e., the time to reach 90% of the reference
value), settling time (i.e., the time required by the system to
reach and remain within 5% of the reference), and overshoot
(i.e., the maximum output value with respect to the reference).
In addition, able-bodied gait trajectories were commanded to
each prosthetic joint at three speeds (0.4, 0.6, and 0.8 m/s) [42],
selected considering that the joints of the SynPro can reach a
maximum angular speed of 200°/s [54], [55]. To evaluate the
position-tracking performance, we considered the root-mean-
square error (RMSE) between the measured and the reference
position, and the difference between the maximum reference
and measured peak (of flexion and plantarflexion, respectively,
for the knee and ankle joints). Mean values and standard de-
viations were computed over five consecutive repetitions. Fi-
nally, the closed-loop system transfer function was estimated
by commanding three chirp wave inputs of 10° each, within the
frequency range of 0.01-3 Hz. In fact, this range encompasses
the typical frequency content of locomotion tasks performed by
individuals with transfemoral amputation [4]. The bandwidth of
the regulators was computed as the frequency at which either
the —3 dB threshold was crossed or the current set by the servo
amplifier reached saturation.

The benchtop tests on the position regulators are shown in
Fig. 5(a)-(e) for the knee joint and in Fig. 5(f)-(j) for the
ankle joint. The metrics computed for the step response and
trajectory tracking tests are reported in Table II. Only non-zero
standard deviations are reported. The bandwidths of the position
regulators were 2.9 Hz for the knee joint and 2.5 Hz for the ankle
joint.

B. Characterization of the Torque Regulators

The PID torque regulators were tuned and characterized in
stationary conditions to avoid movements of the joints (i.e., both
joints were mechanically blocked). Five steps of 15 and 30 N-m
were commanded at each joint in the Single configuration. To
estimate the closed-loop bandwidth, three chirp wave inputs of
15 N-m were commanded at each joint within the frequency
range of 0.01-3 Hz. The benchtop tests on the torque regulators
are shown in Fig. 5(k) and (1) for the knee joint and in Fig. 5(m)
and (n) for the ankle joint. The metrics computed for the step
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Fig. 5. Benchtop tests’ results. Characterization of the closed-loop position regulator of the knee joint: (a) step response; (b) tracking of the able-bodied gait
trajectory at 0.4 m/s, (c) 0.6 m/s, and (d) 0.8 m/s; and (e) estimated closed-loop system transfer function. Characterization of the closed-loop position regulator
of the ankle joint: (f) step response, (g) tracking of the able-bodied gait trajectory at 0.4 m/s, (h) 0.6 m/s, and (i) 0.8 m/s; and (j) estimated closed-loop system
transfer function. Characterization of the closed-loop torque regulator of the knee joint: (k) step response and (1) estimated closed-loop system transfer function.
Characterization of the closed-loop torque regulator of the ankle joint: (m) step response and (n) estimated closed-loop system transfer function.

TABLE II
BENCHTOP EXPERIMENTS’ RESULTS
Knee joint Ankle joint
Step amplitude 5° 10° 15° 5° 10° 15°
St Rise time (ms) 60 90 110 80 90 110
°p Settling time (ms) 140 260 310 260 330 350
response
s +
position Overshoot (%) 4%)8695 49.83 +1.05 48.86 +0.27 37.79 £ 0.09 43.04+0.24 32.67+0.06
Trajectory speed 0.4 m/s 0.6 m/s 0.8 m/s 0.4 m/s 0.6 m/s 0.8 m/s
Trajekc'tory RMSE (°) 2.61+0.01 2.96+0.01 4.66 +0.07 2.98 3.37+0.01 4.28+0.02
tracking
position Peak error (°) 1.18 £0.02 1.29 £ 0.02 3.94+0.27 4.09 +0.03 4.29+0.02 4.64 +£0.03
Step amplitude 15 Nm 30 Nm 15 Nm 30 Nm
Step Rise time (ms) 40 60 50 60
response Settling time (ms) 540 + 50 470 + 60 640 + 50 530 +40
torque Overshoot (%) 21.34+0.47 20.51+1.84 29.84 +4.02 23.16+0.14

response are reported in Table II. Both bandwidths of the torque
regulators exceed 3 Hz, as the —3 dB crossing was not observed
for either joint within the tested range of frequencies.

C. Characterization of the Engagement of the Brakes

The performance of the BER was characterized through bench
tests aimed at evaluating:

1) the dynamics of brake engagement;

2) the effect of introducing latency when switching the

brakes’ engagement in the Single configuration;

3) the proportional brake engagement in the None configu-

ration.

During these tests, the prosthesis was positioned horizontally
on the bench and the joints were controlled in position. The
amplitude and duration of the reference trajectories were cho-
sen to achieve joint speeds in the range of 100-200°/s, which
corresponds to the angular speed of the knee and ankle joints

during walking at 0.6 m/s [54]. To evaluate the dynamics of
brake engagement, a sigmoidal curve with an amplitude of 20°
and a duration of 400 ms was commanded to one joint while the
other joint was braked. The joint was braked when it reached
the 10° position (at time ¢ 5 ). This test was repeated five times.
The time required for the brake to decelerate the output joint
below 10°/s was 130 ms for the knee joint (Ay) and 200 ms for
the ankle joint (A,). The joint displacement after being braked
was 4.22 + 0.20° for the knee joint (Jx) and 15.21 + 0.27° for
the ankle joint (d,) [see Fig. 6(a) and (b)].

To assess the functionality of the BER in the Single config-
uration, a sinewave with an amplitude of 20° and a frequency
of 0.8 Hz was commanded to the knee joint while the ankle
joint was braked. After three periods, the control was switched
to the ankle joint, and the knee joint was braked [see Fig. 6(c)].
This sequence was repeated in two conditions: instantaneous
switching (referred to as BER off) and switching with a time
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sinewave. (e) Proportional engagement of the knee brake while the ankle joint is tracking a sinewave. Tests (c)—(e) were performed both with the BER disabled

(off) and enabled (on).

window in which both brakes are engaged (referred to as BER
on) [as shown in Fig. 6(c)]. In the BER off condition, the joint
displacement was 14.2° for the knee joint and 25.1° for the ankle
joint. By introducing the time window of 130 ms (BER on), these
values were reduced to 7.8° for the knee joint and 4.4° for the
ankle joint.

To assess the functionality of the BER in the None config-
uration, the following test was performed with both the BER
off and the BER on: a sinewave with an amplitude of 20° and
a frequency of 0.8 Hz was commanded to one joint while the
opposite joint was free to move. Due to the transmission stages,
the noncontrolled joint tended to drift toward lower angular
values: the ankle joint drifted at a rate of 1.8°/s, and the knee
joint at a rate of 1.7°/s [see the orange and light blue curves
in Fig. 6(d) and (e)]. By enabling the BER, the movement
of the noncontrolled joint was effectively constrained between
software-set thresholds of —15° and —15° for the ankle joint
and 25° and 55° for the knee joint [see the red and blue curves
in Fig. 6(d) and (e)]. The timing of brake engagement varied
with the velocity at which the noncontrolled joint approached
the thresholds [in accordance with (3)]. Therefore, the tendency
to approach the lower threshold more rapidly resulted in a
“long—short” braking pattern for the knee joint [see Fig. 6(e)].
Since during the test, the ankle joint exhibited lower velocities
compared with the knee joint; the pattern is less pronounced in
Fig. 6(d).

IV. EXPERIMENTS WITH TRANSFEMORAL AMPUTEES

A multicenter experimental protocol was developed to
demonstrate the feasibility of the SynPro in the main locomotion
tasks: level-ground walking, stair ascending and descending,
and sit/stand transitions. The protocol was approved by the
Ethics Committees of Area Vasta Toscana Centro (study number
16677) and Area Vasta Emilia Centro (study number 19168),

and written informed consent was obtained from each participant
prior to the sessions. The experimental activities were conducted
at two locations: IRCCS Fondazione Don Carlo Gnocchi, Flo-
rence, Italy (FDG) and Centro Protesi Inail, Vigorso di Budrio,
Bologna, Italy. Three individuals with above-knee amputation
were recruited for the study (see Table III). All subjects were
fitted with the prosthesis by a certified prosthetist and instructed
to complete the tasks by a licensed therapist, while researchers
were operating the prosthesis and monitoring its correct func-
tioning throughout the experiments. Handrails were provided to
the subjects for support during all tasks. Prior to the experiments,
the default control parameters of the SynPro were tuned on a
nonamputee subject wearing a knee-bend adaptor to use the
prosthesis. A subset of the parameters was further fine-tuned
for each subject during a 30-min training phase before each
recording session.

The mean and standard deviation of the position and torque
profiles of the knee and ankle joints are presented for each
subject in Fig. 7, along with able-bodied ranges computed from
[39] and [56]. These ranges were extracted considering a walking
speed of 0.5 m/s, which is comparable to the self-selected speed
of the subjects wearing the SynPro, and a step height of 10.2 cm
for stair negotiation. The strides were segmented based on FC,
and their duration was normalized as a percentage of stride time.
The measured joint torques were normalized by the subjects’
weights. Data for each participant are shown separately: yellow
and light blue curves represent subject 1, orange and blue curves
represent subject 2, and red and dark blue curves represent
subject 3.

A. Walking

Each participant completed treadmill walking at a self-
selected speed (0.42 m/s for subjects 1 and 2, and 0.47 m/s for
subject 3). During the task, the following subset of parameters
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TABLE III
ENROLLED SUBJECTS

ID Gender Age Weight Height Amputation type  Years from amputation Used prosthesis Amputation side K-score
1 Male 74 62 kg 179 cm Traumatic 19 C-Leg Right K3
2 Male 52 82 kg 172 cm Traumatic 15 Genium X3 Left K3
3 Male 54 73 kg 180 cm Traumatic 13 Genium X3 Right K4
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Fig. 7. Position and torque profiles of the knee and ankle joints for (a) overground walking, (b) stair ascending, (c) stair descending, (d) stand-to-sit, and (e)

sit-to-stand. Solid lines represent average curves, while shaded areas of the same color represent their respective standard deviations. Shaded gray areas are the

standard deviations of able-bodied data, adapted from [39] and [56].

was tuned for each subject: the thresholds for the center of pres-
sure to detect HO (thG“’k, th%”k), the desired knee angle during late
stance (65"’“), and the duration of the knee position references
in late stance and late swing. Afterward, each subject was asked
to walk at a comfortable pace over a 6 m corridor with the set of
control parameters tuned during treadmill walking. The average
walking profiles, as shown in Fig. 7(a), were computed over
the strides of two consecutive corridors. Kinematic and kinetic
metrics for level-ground walking are reported in Table IV. The
maximum knee flexion angle during swing was within normative
ranges for all subjects [39] and occurred at around 70% of the gait
cycle, allowing swing clearance. During swing, the kinematic
coupling enabled the dorsiflexion of the ankle joint, while the
power actuator controlled the extension of the knee (see the peak
ankle plantarflexion angles in Table IV). The average ankle peak

torque and power were within normative ranges for subjects 1
and 3, and slightly below for subject 2.

B. Stair Ascent and Stair Descent

During stair negotiation tasks, each subject was asked to
ascend and descend a staircase at a self-selected pace. The
staircases used for this task differed in the two facilities: a
staircase with four steps (each 16 cm high) was available in FDG,
while Centro Protesi Inail was equipped with a staircase with five
steps (each 9.5 cm high). Prior to data recording, the following
control parameters for stair ascending were fine-tuned for each
subject: the thresholds to detect FC and FO based on the vertical
ground reaction force (th]” and th5*) and the desired knee flexion
angle (85%). Control parameters for stair descending did not
require further tuning. The average stair ascend/descend profiles
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TABLE IV
JOINT METRICS DURING WALKING AND STAIR NEGOTIATION
Subject  Subject Subject
1 2 3
Peak knee flexion (°) 50 58 62
Level- Peak ankle 8 18.3 215
plantarflexion (°)
ground Knee flexion torque
walking (Nm/ke) 0.44 0.27 0.57
Ankle plantarflexion
torque (Nm/kg) Il 0.53 08
Peak knee flexion (°) 70 50.4 38.6
Stair Peak knee power
- (Wike) 1.46 0.37 0.11
Ankle plantarflexion
torque (Nm/ke) 0.64 0.5 0.46
Peak knee flexion (°) 67.4 58.1 59
Stair Peak knee power
descent (W/kg) 091 0-82 1.07
Ankle plantarflexion
torque (Nm/ke) 0.36 0.34 0.39

for each subject were produced by computing the mean over
five steps [see Fig. 7(b) and (c)]. Kinematic and kinetic metrics
for stair negotiation are reported in Table IV. The active knee
flexion enabled each subject to climb the stairs in a step-over-step
manner. Both in stair descending and ascending, the ankle joint
was braked. Nonetheless, the elasticity at the ankle joint allowed
the exertion of plantarflexion torques up to 0.64 N-m/kg in stair
ascending and 0.39 N-m/kg in stair descending.

C. Sit/Stand Transitions

Each subject was asked to sit down and stand up from a
chair. Before data recording, the stiffness constant k; and the
duration of the sigmoidal reference for the knee position were
tuned based on individual preferences. For each subject, the
position and torque profiles, as reported in Fig. 7(d) and (e), were
averaged over five transitions. During stand-to-sit transitions,
the average knee peak torque was 0.58 N-m/kg for subject 1,
0.36 N-m/kg for subject 2, and 0.29 N-m/kg for subject 3. In
sit-to-stand transitions, the knee torque had average peaks of
0.24 N-m/kg, 0.13 N-m/kg, and 0.14 N-m/kg for subjects 1, 2,
and 3, respectively.

V. DISCUSSION

In this article, we presented the MOTU Transfemoral SynPro,
a battery-powered device equipped with a differential mecha-
nism to distribute the power generated by a single power actuator
to both the knee and ankle joints. This design principle aligns
with the varying power demands of the two joints across different
locomotion tasks and gait phases. In fact, the power required to
actuate the combination of the knee and ankle joints is lower
than that needed for separate actuation of each joint. Beyond
potentially reducing power consumption, underactuation also
eliminates the need for mechanical and electrical components
associated with a second power actuator. While our prototype
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employs a single 200 W actuator to power both the knee and
ankle joints, most transfemoral prostheses utilize separate ac-
tuators with a combined power higher than 200 W [23], [57],
[58].

A. Feasibility of a Knee—Ankle Underactuated Prosthesis

Benchtop tests demonstrated that the actuation unit can ac-
curately control the position and the torque of each joint, with
controllers’ bandwidths above 2.5 Hz. While able-bodied human
locomotion encompasses frequency content up to 6 Hz, the
recorded control bandwidths are suitable for typical locomotion
tasks at comfortable self-selected speeds and cadences specific
to people with transfemoral amputations, who constitute our
target population [4], [59]. In fact, the SynPro successfully
tracked gait trajectories up to 0.6 m/s, exhibiting low RMSE.
At 0.8 m/s, the main discrepancies with the desired trajecto-
ries were a slight delay and overshooting of the peak angles.
Nonetheless, the joints remained within the physiological range
of movement, without reaching the mechanical end stops. The
benchtop tests demonstrated the capability of the BER to manage
the braking dynamics [see Fig. 6(c)] and the synergic actuation
of the knee and ankle joints by keeping the noncontrolled joint
within software-set thresholds [see Fig. 6(d) and (e)].

Potential variations in the performance of the position con-
trollers and the braking system under loaded conditions did
not significantly affect the capability of the device to follow
biomechanical trajectories. This was evidenced by the experi-
mental evaluation conducted with three subjects with a trans-
femoral amputation, which demonstrated the compatibility of
knee—ankle underactuation with the main locomotion tasks: the
differential mechanism enabled the synergic movement of the
knee and ankle joints during late stance and late swing, and the
braking system managed the synergy between the two joints
and enabled the execution of stair negotiation and sit/stand
transitions by conveying motor power solely to the knee joint.
Most control parameters and gait segmentation thresholds were
tuned beforehand on a healthy subject and were left unchanged.
By manually tuning a few parameters, the prosthesis could adapt
to different cadences and step heights.

Walking tests showed that all participants were able to
walk overground with the SynPro at a comfortable pace, with
joints’ kinematics resembling able-bodied biomechanics. In
level-ground walking, the power actuator controlled the move-
ment of the ankle joint only during early stance. During the
other walking phases, the BER kept the synergic movement
of the ankle joint within physiological ranges for all subjects
[39]. Moreover, the coupling between the two joints enabled a
peak ankle plantarflexion up to 21.5° during late stance. Due
to different controller parametrizations, we observed that the
maximum ankle plantarflexion reached during swing differed
across subjects. For example, subject 1 preferred a lower maxi-
mum knee flexion during a late stance. Since, in this phase, the
ankle movement is coupled to the knee movement, this lowered
the maximum plantarflexion angle reached by the ankle in late
stance. The low familiarity with the device may have increased
the use of handrails during the locomotion tasks. This could have
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contributed to the torque and power estimates being lower than
nonamputee references [60]. Moreover, when the prosthesis was
in contact with the ground, the elastic foot absorbed a part of
the energy that would, otherwise, have compressed the elastic
elements at the ankle, thus lowering the torque recorded at the
joint.

In stair negotiation tasks, the participants benefited from the
actuated knee joint to ascend and descend stairs in a step-
over-step manner. The prosthesis demonstrated adaptability to
varying step heights by generating higher knee power to climb
higher steps, as evidenced by data collected during the trials
with subject 1 (see the peak knee power during stair ascent in
Table IV). At the end of each stair descent gait cycle, the knee
joint was fully extended to enhance the perceived stability of the
prosthesis at heel strike. Conversely, in able-bodied kinematics,
the knee is typically flexed at heel strike. This different knee
positioning resulted in lower recorded torques at the beginning
of stair descent compared with able-bodied data.

Although the ankle joint was not actuated in stair negotiation
tasks, the series elastic element and the elastic foot enabled the
absorption and release of energy during stance and the beginning
of swing. Nonetheless, having the ankle locked during these
tasks limited the torque—thus the power—exerted at the joint.

The powered knee extension enabled each subject to stand
up from a chair, and the proportional torque commanded at the
knee joint allowed for a controlled sitting down.

B. Limitations

The SynPro is a proof-of-concept prototype for the design
principle of knee—ankle underactuation. While experiments with
subjects with transfemoral amputations showed the capability
of the device to replicate the kinematics of the knee and ankle
joints in the main locomotion tasks, there are some limitations
to consider. The weight of the device, despite being comparable
with existing prototypes [23], [57], [61], is the main obstacle
for its usability. A substantial portion of the SynPro weight
comes from the multiple transmission stages used to deliver
the power of the actuation unit to the two joints and the elastic
elements. In fact, the SynPro is equipped with series elasticity
at both prosthetic joints, while in the transfemoral prosthesis
series, the elastic elements are often used only at the knee
joint [19], [20]. While the elastic elements at the ankle joint
enable a force-sensing architecture and promote compliance,
their removal would reduce the prosthesis mass by over 0.3 kg.
Additionally, future design iterations will focus on reducing
the weight and volume attributed to the transmission stages,
the sensors, and the control electronics. For instance, a future
iteration will explore the potential replacement of servomotors
and disc brakes with electromechanical clutches.

The braking system also generates delays and introduces
frictions at the outputs of the differential (i.e., before the trans-
mission chain to the joints). The elastic elements enabled torque
sensing after the transmission stages of the joints, resulting in
a closed-loop torque controller that inherently compensates for
losses within the transmission chain. Nonetheless, the braking
system and the lengthy transmission chain currently limit the
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utilization of the SynPro in locomotion tasks at low-to-average
speeds.

While the control strategy of the SynPro currently exploits the
knee—ankle kinematic synergies during late stance and swing,
further analysis should focus on exploring different actuation
strategies to take advantage of the accurate torque feedback at the
prosthetic joints and decrease the number of control parameters.
For example, adaptive algorithms could be employed for the
online tuning of control parameters (e.g., the knee flexion during
the swing) or for automatic locomotion-mode recognition based
on volitional data coming from the residual leg of the user [62],
[63].

VI. CONCLUSION

In this article, we presented the mechatronic design of the
SynPro, an underactuated transfemoral prosthesis equipped with
adifferential mechanism to distribute the power of a single motor
to the knee and ankle joints. Benchtop tests demonstrated the
capability of the actuation unit to drive the prosthetic joints along
physiological gait trajectories. Additionally, the braking system
was able to effectively manage the joints’ movement during
synergistic actuation and enabled the execution of tasks that did
not require synergic actuation. The compatibility of knee—ankle
underactuation with the main locomotion tasks was further
confirmed by experiments with three subjects with above-knee
amputations using the prosthesis to perform overground walk-
ing, stair ascending and descending, and sit/stand transitions.

While the primary aim of the present study was to evaluate
the feasibility of a knee—ankle underactuated design, the exper-
iments provided insights into the requirements for developing
a lighter and more efficient prototype exploiting this principle.
Therefore, future design iterations will focus on revising the
prosthesis’ mechatronic design to reduce weight and streamline
the transmission chain, thereby enhancing the efficiency of
power distribution to the knee and ankle joints.

We advocate for the deeper exploration of underactuation
in transfemoral prostheses due to its potential benefits in op-
timizing weight distribution, power efficiency, and reducing
encumbrance while maintaining two powered joints. This ap-
proach aligns with the distinct power demands of the knee and
ankle joints during different phases of locomotion, suggesting
a promising direction for further advancement in prosthetic
design.
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