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Clutchable series-elastic actuator:
Implications for prosthetic knee design

Elliott J. Rouse1, Luke M. Mooney2

and Hugh M. Herr1,3

Abstract

Currently, the mobility of above-knee amputees is limited by the lack of available prostheses that can efficiently replicate

biologically accurate movements. In this study, a powered knee prosthesis was designed utilizing a novel mechanism,

known as a clutchable series-elastic actuator (CSEA).The CSEA includes a low-power clutch in parallel with an electric

motor within a traditional series-elastic actuator. The stiffness of the series elasticity was tuned to match the elastically

conservative region of the knee’s torque-angle relationship during the stance phase of locomotion. During this region, the

clutch was used to efficiently store energy in the series elasticity. The fully autonomous knee prosthesis design utilized a

brushless electric motor, ballscrew transmission and cable drive, as well as commercial electrical components. The knee

was lighter than the eighth percentile and shorter than the first percentile male shank segment. The CSEA Knee was

tested in a unilateral above-knee amputee walking at 1.3 m/s. During walking, the CSEA Knee provided biomechanically

accurate torque-angle behavior, agreeing within 17% of the net work and 27% of the stance flexion angle produced by

the biological knee. In addition, the process of locomotion reduced the net electrical energy consumption of the CSEA

Knee. The knee’s motor generated 1.8 J/stride, and the net energy consumption was 3.6 J/stride, an order of magnitude

less energy than previously published powered knee prostheses.

Keywords

Biologically inspired robots, human-centered and life-like robotics, rehabilitation robotics, mechanism design,
mechanics, design and control

1. Introduction

1.1. Motivation

Transfemoral—or above-knee—amputees expend signifi-

cantly more metabolic energy during walking than non-

amputees (Waters and Mulroy, 1999). In addition, the

majority of such amputees are dissatisfied with the extent

they are able to use their prostheses (Christensen et al.,

1995) and express lack of mobility as a chief concern

(Legro et al., 1999). There is a need to develop highly effi-

cient, lightweight powered leg prostheses that are able to

provide biologically equivalent joint kinetics and kine-

matics. Such devices have the potential to restore natural

movement patterns and substantially impact quality of life

for such individuals.

The passivity of many knee prostheses is one cause of

their shortcomings. Specifically, these prostheses typically

incorporate hydraulic, pneumatic or friction elements and

are limited in their ability to accommodate varying walking

speeds and early-stance phase knee flexion. To address

these limitations, quasi-passive knee prostheses use a

microcontroller to vary the damping characteristics auto-

matically throughout the gait cycle. Quasi-passive knees

have been shown to increase self-selected walking speed as

well as decrease peak vertical ground reaction force and

metabolic cost, when compared to traditional passive knees

(Segal et al., 2006; Kaufman et al., 2007; Johansson et al.,

2005; Smith, 2007). Despite their benefits, neither passive

nor quasi-passive knee prostheses can contribute positive

mechanical energy. Hence they cannot replicate the

positive power phases of the gait cycle, or assist in net-

positive locomotion modes (i.e. stair or ramp ascent).

Furthermore, extended use of these passive prostheses has

been implicated in a number of gait asymmetries (Jaegers
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et al., 1995; Johansson et al., 2005) and secondary disabil-

ities (Lemaire and Fisher, 1994; Morgenroth et al., 2010,

2012), as well as failing to reduce the metabolic cost of

locomotion to the level of non-amputees (Gitter et al.,

1995; Waters and Mulroy, 1999).

Recent advancements in battery chemistry, brushless

motor design and microprocessors have bolstered the devel-

opment of autonomous and semi-autonomous powered

prosthetic knees (Ossur (n.d.); Sup et al., 2008a, 2008b;

Kapti and Yucenur, 2006; Martinez-Villalpando and Herr,

2009; Martinez-Villalpando et al., 2011). Sup et al. (2008a,

2008b) designed a powered knee and ankle prosthesis that

used a finite-state impedance controller during locomotion,

and more recently Ha et al. (2011) investigated volitional

control of the same prosthesis using surface electromyogra-

phy. This research is encouraging; however, the design of

this prosthesis has no inherent elasticity, and is therefore

subject to shock loads during use. Martinez-Villalpando

and Herr (2009) and Martinez-Villalpando et al. (2008,

2011) presented an Active Agonist-Antagonist Knee

Prosthesis, where dual series-elastic actuators (SEAs) actu-

ated the knee joint in parallel to reduce the consumption of

mechanical energy. A variable impedance control scheme

was shown to qualitatively replicate able-bodied kinematics

(Martinez-Villalpando and Herr, 2009); however, as a result

of the dual, brushed actuators, improvements on the size,

weight and efficiency of the prosthesis are possible. Lastly,

Össur (n.d.) recently released the Power Knee; however,

this prosthesis also has no inherent elasticity and has not

been shown to provide substantial benefit to the intact limb

(Wolf et al., 2013). Thus, despite promising previous work,

the development of an energy-efficient, series-elastic knee

prosthesis remains a challenge.

Early-stance knee flexion and extension—the phase of

the knee angle profile following heel strike while bodyweight

is borne by the leg—is an important portion of the gait cycle

rarely seen in the gait of transfemoral amputees (Segal et al.,

2006). Early-stance knee flexion is known to aid in shock

absorption during heel contact (Gard and Childress, 2001),

thereby reducing metabolic expenditure. The lack of this gait

characteristic in transfemoral amputees may explain part of

the increased metabolic cost of locomotion observed in this

population. Thus, the development of future state-of-the-art

robotic knee prostheses must be able to biomechanically

replicate this important phase of locomotion.

1.2. Background

Over the past two decades, SEAs have been the focus of

significant research in force-controlled robots (Pratt and

Williamson, 1995; Pratt et al., 1997; Robinson et al., 1999;

Pratt et al., 2002; Sensinger and Weir, 2005; Albu-Schaffer

et al., 2008). A SEA includes a series compliance between

the transmission output and the load, which has been shown

to have substantial advantages. Such advantages include an

increase in shock tolerance, limited high-frequency actuator

impedance and energy storage, among other benefits (Pratt

and Williamson, 1995; Pratt et al., 1997; Sensinger, 2006).

Moreover, the series compliance increases force fidelity, a

property especially useful in the impedance-controlled

applications in fields such as wearable robotics and human-

machine interfacing (Veneman et al., 2006; Au and Herr,

2008; Sensinger and Weir, 2008).

SEAs have been previously implemented in lower extre-

mity prosthetic and exoskeleton devices. Au and Herr

(2008) used series and parallel elasticity in the design of a

powered ankle prosthesis, which was shown to lower the

metabolic cost of walking in transtibial amputees (Au

et al., 2009). In addition, Veneman et al. (2006) designed a

lower extremity exoskeleton device using Bowden cable-

driven SEAs. Recently, a new iteration of the design was

proposed that used a direct-mounted SEA rather than the

Bowden cable drive (Lagoda et al., 2010). As a result of

the SEAs implemented in these designs, they have many

favorable attributes; however, the cyclic and often spring-

like torque-angle relationship observed during locomotion

presents an opportunity to further innovate on the SEA

architecture.

During the early-stance knee flexion and extension

phase of human locomotion, the torque-angle relationship

(Winter, 2009) is linear, or spring-like. A SEA implemen-

ted with a series stiffness approximately equal to the slope

of this knee torque-angle relationship (often termed the

quasi-stiffness (Rouse et al., 2013; Shamaei et al., 2013))

would provide a reduction in the mechanical work required

by the motor within the SEA. In other words, the complete

torque-angle relationship would be rendered by the physi-

cal spring alone, requiring only reactionary torque to be

generated by the motor, at negligible motor speed. This

provides a decrease in the mechanical energy required by

the motor; however, because electric motors are inefficient

at low speeds, an additional improvement may be made. In

this investigation, we place a small clutch on the motor

shaft to supply the reactionary torque on the motor’s shaft

when the actuator output dynamics are elastically conserva-

tive such as, for example, during the early-stance knee

flexion-extension phase of human walking.

Previous researchers have investigated the use of clutch-

able elements in the design of wearable robotic actuators.

Haeufle et al. (2012) introduced a clutched parallel-elastic

actuator. In their work, a spring was incorporated in paral-

lel to the electric motor and was engaged via a clutch. The

purpose of the parallel spring was to augment the torque-

angle characteristics of the mechanism passively. Such a

design is advantageous because it enabled a reduced gear

ratio and less powerful motor to be used, while maintaining

the proper kinematics and kinetics of the stance phase.

However, because there is no series compliance between

the transmission output and the load, this mechanism can-

not take advantage of the aforementioned beneficial prop-

erties of a SEA. Furthermore, because human locomotion

includes spontaneous high-power modes (e.g. stair ascent

and sit-to-stand transitions), it is essential for a prosthesis

to be able to provide significant output power. Geeroms et

2 The International Journal of Robotics Research

 at NORTHWESTERN UNIV/SCHL LAW on October 10, 2014ijr.sagepub.comDownloaded from 

http://ijr.sagepub.com/


al. (2013) developed an ankle-knee prosthesis that uses two

tuned stiffness elements at the knee with locking mechan-

isms to transfer energy from the knee to the ankle. This is

an interesting design with substantial promise; however, as

a result of the passive nature of the knee within this design,

the device is limited to activities that do not require net

positive work at the knee.

In this paper we introduce a new mechanism termed a

clutchable series-elastic actuator (CSEA). The purpose of

this device is twofold. Firstly, when the task dynamics are

nonconservative, the CSEA offers all the benefits of a stan-

dard SEA, namely high-fidelity force control and enhanced

motor-transmission protection from shock loads. Secondly,

when the desired task dynamics are elastically conservative,

the CSEA offers the ability to store elastic energy in the

tuned series spring at low electrical power consumption. In

the CSEA design, the small, low mass clutch placed on the

motor shaft permits low electrical power consumption while

providing the reactionary torque needed when the series

spring is engaged during elastically conservative movement

tasks. The architecture of this mechanism was motivated by

the previous work of Herr et al. (2006) and Endo et al.

(2006). In the work of Endo et al. (2006), agreement was

shown between the kinetics and kinematics of an optimized

quasi-passive, spring-clutch walking model and biomecha-

nical data for humans ambulating across a level ground sur-

face at 1.3 m/s. This work underscores the importance of

tuned tendon compliance and isometric muscle contractions

in human walking. We detail the mechanical design and

control of a CSEA Knee prosthesis that is able to efficiently

provide stance phase knee flexion during locomotion while

expending minimal electrical energy. The CSEA Knee is

tested with a transfemoral amputee during level ground

walking at a self-selected speed.

2. Mechanism architecture and optimization

2.1. Electromechanical modeling

The CSEA mechanism is able to provide the benefits of a

SEA while simultaneously providing a low-energy, elastic

state when a mechanical clutch is engaged. Moreover, the

series stiffness can be designed to provide a specific torque-

angle relationship optimized for the dynamics of a particu-

lar task (i.e. the early-stance phase of walking). During this

period of a conservative torque-angle relationship, the

clutch is engaged to provide the reaction torque on the

motor shaft, thereby bypassing the electric motor. The ener-

getic economy stems from the difference in electrical

energy required to provide the reaction torque (i.e. electric

motors are known to be inefficient at low speeds). The

CSEA mechanism consists of a series compliance (stiffness

ks) within a standard SEA with an added clutch in parallel

with the motor (Figure 1). The engagement of the clutch

alters the equations governing the mechanism. The motor’s

torque and displacement (t and u respectively, where sub-

scripts m, l and c denote the motor, load and clutch,

respectively) can be written in terms of the task require-

ments (tl and ul), motor inertia (Jm), gear ratio (N) and effi-

ciency (h) as follows:

tm =
Jm

€um + tl

Nh
clutch off

0 clutch on

�
ð1Þ

um =
tl

ks
+ ul

� �
N clutch off

uc clutch on

(
ð2Þ

These equations provide a description of the motor’s

mechanical requirements for a specific task (i.e. specific tl

and ul). To assess these requirements in terms of the elec-

trical energy needed, the electrical motor model analogy

was used to define motor current and voltage by

im =
tm

kt
clutch off

ic clutch on

�
ð3Þ

vm

RmJm

kt

€um +
_um

kv
+ Rm

kt
tm clutch off

vc clutch on

�
ð4Þ

where kt is the torque constant of the motor, Rm is the wind-

ing resistance and kv is the speed constant of the motor.

Finally, the electrical power, pm, is defined by

pm = imvm ð5Þ

Regeneration of negative electrical power was assumed

through the use of modern four quadrant motor drives. By

substituting (1) and (2) into (3)–(5), the mechanical and

electrical characteristics of the CSEA mechanism can be

quantified as a function of the task. These equations were

used to model the performance of the CSEA mechanism in

simulation.

2.2. Simulation

The CSEA mechanism was modeled for use in a robotic

knee prosthesis and the series stiffness and potential ener-

getic economy were quantified. A knee prosthesis was cho-

sen because there is a portion of the stance phase of

walking that is able to take advantage of the CSEA archi-

tecture. That is, during early-stance phase knee flexion and

extension, the knee torque-angle relationship is predomi-

nantly spring-like in behavior (Figure 2). In addition, this

gear 
train

clutch

motor spring

load

Fig. 1. Model of the clutchable series-elastic actuator. The

clutch can be engaged, thereby bypassing the reaction torque

required by the motor. This permits two mechanical states and

the series compliance is tuned for the specific task.

Rouse et al. 3
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region consists of substantial positive (and negative)

mechanical power phases during the gait cycle, further

demonstrating the potential of the CSEA mechanism

(Figure 2).

Representative, weight-normalized human locomotion

data were used for 65, 75 and 85 kg persons walking at

slow, self-selected and fast speeds across level ground

(stride durations were 1.3, 1.1 and 1.0 s, respectively)

(Winter, 1983). The knee torque and angle information

were used as the load specifications, and Equations (1)–

(5) were used to quantify motor kinetic and kinematic

performance. Mechanism parameters used are listed in

Table 1 (see Section 3 for rationale). The data were kine-

tically clamped—where the output torque, tl is fixed—

and the clutch was activated during early-stance phase

knee flexion/extension (activated/deactivated at the near-

est point of zero velocity). The result of the simulation

was the electrical energy profiles required to achieve the

desired kinetics and kinematics, as well as the output

knee angle that resulted from the use of the clutch. The

simulation was repeated for varying values of series stiff-

ness. It should be noted that in this analysis, each config-

uration of stiffness yielded essentially identical electrical

power profiles, but very different knee kinematics. The

electrical power profiles were nearly identical because

the clutch required a constant electrical power during

operation when the stiffness greatly affected the knee

angle displacement. Hence, the focus of the comparison

was kinematic similarity rather than electrical energy.

The scalar kinematic agreement was defined by

c=

ð
uCSEA � ulð Þ2dt ð6Þ

where uCSEA is the output displacement of the CSEA and

the load displacement, ul, is the reference knee angle; lastly,

the function was integrated over the duration of each gait

cycle. The agreement was quantified across subjects’

weights and walking speeds (Figure 3(a)). The softer series

stiffness caused substantial knee flexion values beyond the

profiles acquired during level ground walking, whereas the

greater stiffness values tracked the kinematics more closely

(by essentially eliminating stance knee flexion), but reduced

the benefits of including the series elasticity. Based on this

analysis and available compression springs (see Section 3),

the stiffness implemented in the CSEA knee was chosen to

be 240 Nm/rad. The kinematic agreement, c, at this stiff-

ness was 0.3 6 0.3 rad2 s.

To investigate the effect of the clutch in the CSEA,

simulation experiments were performed for prosthetic

knee mechanisms that both included the clutch (CSEA)

and did not include the clutch (standard SEA). The com-

putational model of the CSEA knee was tested across

walking speeds and averaged across subject weights

0 0.2 0.4 0.6 0.8 1 1.2
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

Angle (rad)

T
o

rq
u

e
 (

N
m

/k
g

)

Heel Contact

Early Stance
Phase
Flexion

Early Stance
Phase

Extension

Swing Flexion

Swing Extension

(a) (b)

Fig. 2. (a) Knee torque-angle relationship during walking at self-selected speed, shown with salient features of the gait cycle denoted.

Early-stance phase flexion and extension is predominantly linear and the dynamics can be replicated by a tuned spring. Data from

Winter (1983). (b) Mechanical power of the knee shown throughout the gait cycle. The early-stance flexion and extension period

terminates at approximately 35% of the gait cycle and includes the greatest regions of peak power. Bold denotes intersubject average

with standard deviation shown in translucent.

Table 1. Clutchable series-elastic actuator model parameters.

Parameter Symbol Value

Motor inertia Jm 33.3 gcm2

Gear ratio N 143
Mechanical efficiency h 0.9
Torque constant kt 20.6 mNm/A
Speed constant kv 48.8 rad/s/V
Winding resistance Rm 0.21 O
Clutch current ic 0.25 A
Clutch voltage vc 24 V
Series stiffness ks 240 Nm/rad

4 The International Journal of Robotics Research
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(Figure 3(b)). On average, the CSEA generated 3.3 6 5.2

times more energy when compared to a traditional SEA

during walking. During slow walking speeds, the SEA gen-

erated more energy because the 6 W clutch within the

CSEA required more energy than the motor of the tradi-

tional SEA. However, as speed increased, the clutch became

substantially more efficient as the motor power demands of

early-stance phase knee flexion increased. Therefore, the

potential energetic savings of the CSEA mechanism is sub-

stantial in the context of a prosthetic knee.

3. Clutchable series-elastic actuator knee

design

The CSEA Knee was designed to provide biomechanically

relevant kinetics and kinematics in an anthropomorphic

envelope. A target benchmark was chosen based on a 100 kg

person under fast walking conditions, while fitting in the bio-

logical form factor of a 10th percentile male. These biome-

chanical requirements were determined from the weight-

normalized representative kinematics and kinetics (Winter,

1991). It was assumed that the knee prosthesis would account

for 75% of the length and mass between the knee and ankle

joints, which was approximated as 3.5% of total body mass

(Winter, 1991). The resulting specifications are shown in

Table 2. These requirements provided the foundation for the

mechanical design of the CSEA Knee.

The CSEA Knee was actuated by a custom (40 mm

front shaft extension) 200 W brushless direct current

(DC) motor (model: 305015, Maxon Motor, Sachseln,

CH) and a 6 W electromagnetic clutch (model:

02.02.130, KEB, Barntrup, DE). The stall torque of the

36 V brushless motor was 3.5 Nm, and the maximum

holding torque for the 24 V electromagnetic clutch was

0.75 Nm. The clutch was placed on the shaft of the

brushless motor and together they actuated the ball-

screw. The parallel motor and clutch drove the ballscrew

via a GT2 timing belt with a 2 mm pitch and 6 mm

width. The motor pulley had 22 teeth (model: A

6D51M022DF0605, Stock Drive Products/Sterling

Instrument, New Hyde Park, NY), and the ballscrew

pulley has 60 teeth (model: GPA60GT2060-B-P8-NFC,

Misumi USA, Addison, IL).

The CSEA Knee was designed to have an angular series

stiffness of 240 Nm/rad for 0.35 rad of flexion, as moti-

vated by the simulations in Section 2.2. Two compression

die springs under no preload were used as the elastic ele-

ments in the CSEA Knee. Compression springs were cho-

sen over extension and torsional springs, since they

typically exhibit higher volumetric and mass energy densi-

ties. Figure 4 shows how linear compression springs were

implemented to create a rotational stiffness around the knee

joint. The extension and flexion springs were sized to meet

the required stiffness and energy storage while minimizing

volume and mass. The rotational stiffness of the knee joint

Fig. 3. (a) Kinematic error of simulation as a function of series stiffness, averaged across walking speeds and subject weights. Note

the minimum at approximately 250 Nm/rad. (b) Electrical energy required for series-elastic mechanisms that include the clutch (red)

and do not include a clutch (black), averaged across subject weights. The energy generated by the clutchable series-elastic actuator

(CSEA) increases with speed while it decreases with a traditional SEA. Negative energy denotes generation and error bars are

standard deviation.

Table 2. Clutchable series-elastic actuator mechanical design

specifications.

Parameter Value

Range of motion 0–1.2 radians
Static max torque 120 Nm
Dynamic max torque 40 Nm
Max positive power 100 W
Max negative power 210 W
Mass \3000 g
Length \323 mm

Rouse et al. 5
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and the linear stiffness of the compression springs are

related by

ks =
kf r2k tk.0

ker2k tk\0

�
ð7Þ

Equation (7) shows that the radius of the knee joint, and

consequently the length of ball nut travel and overall size

of the prosthesis, was reduced as the stiffness of the com-

pression spring increases. Therefore, the stiffest commer-

cially available compression springs were chosen. The knee

extension spring, which exerted the extension moment dur-

ing early-stance flexion, had a stiffness of 385 N/mm

(model: CV1250-1500-200, Associated Spring Raymond,

Maumee, OH). A shorter spring with a similar stiffness of

338 N/mm was chosen for the flexion side (model:

CV1000-1000-158, Associated Spring Raymond). A

shorter spring was chosen for the flexion side because it

was not typically required to store as much elastic energy.

The spring constants differ by 12% due to the manufacturer

stiffness availability given the geometric constraints.

The design of the knee joint pulley and linear actuator

were both directly influenced by the stiffness of the series

compression spring. The desired angular stiffness of

240 Nm/rad, the extension spring stiffness of 385 N/mm

and (7) resulted in the 25 mm radius of the knee joint

pulley (rk). The radius of the knee joint pulley was subse-

quently used to determine the appropriate travel of the

spring housing and ball nut. A 10 mm diameter ballscrew

and nut assembly (model: ECN-10030-RZN, Nook

Industries, Cleveland, OH), with a lead (lb) of 3 mm, was

used to efficiently and compactly transform the rotational

motion of the motor to the linear compression of the series

springs. The ballscrew and nut had a maximum dynamic

load rating of 2800 N and a maximum static load rating of

5000 N. Therefore, including the 25 mm radius of the knee

joint, the ballscrew was able to exert a dynamic moment of

70 Nm, and a static moment of 125 Nm. Ballscrew and nut

assemblies also have the added advantage of being back-

drivable, which allowed the motor to act as a generator dur-

ing periods of negative mechanical work. The overall trans-

mission ratio (N) from the motor and clutch to the knee

joint was

N =
_um

_ul

=
tl

tm

=
� nb

nm

� 2prk

lb

ð8Þ

where nb and nm are the number of teeth on the ball screw

pulley and motor/clutch pulley. Equation (7) resulted in a

total transmission ratio of N = 143.

The architecture of the CSEA Knee was designed to

handle the loads and moments of level ground walking,

while minimizing weight and length in a biological form

factor. A geometrically accurate schematic of the CSEA

Knee’s major components is shown in Figure 5. An impor-

tant design constraint was the relative positioning of the

ballscrew, series-elastic carriage and drive cables. The ball-

screw was placed symmetrically between the two drive

cables and the axes of the springs are colinear with the axis

of the ballscrew. Two linear rails, each with two ballbearing

blocks (model: SE2B-N6-100-WC, Misumi USA), aligned

the series-elastic housing with the axis of the ballscrew.

Two additional linear rails and sets of bearing blocks con-

strained the ball nut to axial translation within in the series-

elastic housing. This arrangement reduced off-axis forces

on the ball nut and limited the loads on the linear bearings

to include only reactionary moments of the ball nut. The

knee joint was mechanically limited to 0–2.1 radians by an

rk

ke

lb

nb

nm

θm
θl,τl

kf

extension flexion

motor

clutch

ballscrew and nut

knee joint pulley

idler pulley
cable

flexion

extension

Fig. 4. The geometric configuration of the clutchable series-elastic actuator knee is depicted. The parallel motor and clutch were

connected to a drive pulley with nm teeth that drive the ballscrew pulley with nb teeth. A ballscrew, with lead lb, drives a ball nut

between the extension and flexion compression springs with respective stiffnesses of ke and kf. The series-elastic housing drives the

knee joint pulley, with radius rk, via a drive cable.
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internal hardstop. Placing the hardstop within the knee joint

eliminated pinch points. The ballscrew bearings, series-

elastic carriage linear bearings, knee joint and motor/clutch

assembly were all mounted to a single, billet 6061-T6 alu-

minum body. SolidWorks Simulation was used to simulate

the strength of the unibody under the weight of a 100 kg

load (SolidWorks 2012, Dassault Systems, Waltham,

Massachusetts). The simululation predicted a minimum

safety factor of seven, meaning the structure would not

yield before a load of seven times bodyweight. The layout

of the CSEA within the aluminum unibody resulted in a

compact (285 mm length) and lightweight (2700 g) device.

The length of the CSEA Knee was within the first percen-

tile male, and the mass was within the eighth percentile

male (Winter, 1991; Byrd, 2005). The mass distribution of

the CSEA Knee is shown in Table 3.

A custom load sensor was developed to detect the stance

phase. The detection of the stance phase was important for

stability and safety (see Section 4.2). Footswitches are typi-

cally used but are cumbersome to implement, since they

require a wired connection between the the foot and the

embedded module. Instead, the stance phase was detected

by placing a force-sensing resistor (FSR) (model: A300-25,

Tekscan, South Boston, MA) within a flexure in the distal

pyramid. The sensor detected a combination of vertical

loading and sagittal plane moment, and was only used to

estimate gait cycle timing for control purposes. Figure 5

(callout G) shows the distal pyramid with a simple canti-

leavered flexure machined into the anteriorly facing side. A

FSR was placed within the flexure and subsequently

castable silicone (model: Mold Star 16 Fast, Smooth-On,

Easton, Pennsylvania) was poured around the FSR. The

castable silicone bonded the FSR to both sides of the flex-

ure without creating a pre-load. When the flexure was

compressed the load was transmitted through the silicone

and FSR sensor. The FSR was connected in series with a

5 MO resistor in a voltage divider configuration. The vol-

tage was read by the onboard data acquistion system, dis-

cussed in Section 4. An example of the load sensor voltage

during a representative gait cycle is shown in Figure 6.

4. Electronics and control

4.1. Electrical hardware

The CSEA Knee prosthesis contained embedded systems

responsible for fully autonomous operation. The system

included modules for high-level state estimation, low-level

brushless motor control, signal processing and sensing,

communication and battery power (Figure 7). For design

convenience, commercial components were chosen rather

A            B                 C

G    H           I        J   K              L   M   N     O            P        

D E        F

Fig. 5. The major components of the clutchable series-elastic actuator knee are depicted: (A) electromagnetic clutch; (B) motor timing

pulley; (C) Maxon EC-40 4-Pole 200 W brushless motor; (D) steel drive cable; (E) internal hard stop; (F) knee pulley and joint; (G)

distal pyramid with embedded load sensor; (H) paired 35� angular bearings; (I) ballscrew timing pulley; (J) series-elastic housing; (K)

extension spring; (L) ball nut linear bearings; (M) ball nut; (N) series-elastic housing linear bearings; (O) flexion spring; (P) ballscrew.

Table 3. Clutchable series-elastic actuator (CSEA) knee mass

distribution.

Part Mass

SEA springs, housing, bearings 491 g
Structural housing 385 g
Brushless motor 300 g
Knee joint, pyramid, bearings 296 g
Ball screw, nut, bearings 287 g
Distal pyramid/Load sensor 195 g
Batteries 160 g
Clutch 100 g
Electronics 55 g
Motor and ball screw pulleys 41 g
Minor parts and wiring 390 g
Total 2700 g
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than the development of custom embedded systems. The

high-level control was implemented on a commercial

single-board computer (model: Raspberry Pi Version B,

Raspberry Pi Foundation, Cambridgeshire, UK). The

computer was equipped with an 800 MHz ARM11 proces-

sor, 512 MB SDRAM, with Linux Debian and required

3.5 W. It was chosen for its communication and input/out-

put (I/O) options as well as its cost, form factor and active

development community. This high-level controller was

responsible for state estimation, data acquisition and storage

as well as master command of the low-level brushless

motor drive; all functionality of the high-level controller

was implemented in Python. The high-level controller com-

municated wirelessly to a laptop PC via a wireless internet

adapter (model: EW-7811un, Edimax Technology Co.,

New Taipei City, TW). The laptop PC was only used for

initiation of the controller state machine and tuning control

parameters (i.e. knee operation was autonomous). Data

acquisition and logging occurred at 100 Hz, which stored

data on a 32 GB secure digital card. The high-level control-

ler communicated with a smart light-emitting diode (LED)

indicator (model: minM, ThingM Corp., San Francisco,

CA), inertial measurement unit (model: ADXL345 acceler-

ometer, Analog Devices Inc., Norwood, MA; model: ITG-

3200 gyroscope, InvenSense Inc., Sunnyvale, CA) and an

analog-to-digital converter via an inter-integrated circuit

(I2C) bus at 500 kbaud. A four-channel 16-bit analog-to-

digital converter (model: ADS1115, Texas Instruments,

Dallas, TX) was used to interface with analog sensors. The

analog sensors included an absolute encoder (model: MA3,

US Digital, Vancouver, WA) that sensed knee angle with a

resolution of 6 3 1023 radians, as well as the force-

sensitive resistor-based load sensor. The high-level control-

ler updated at a frequency of 100 Hz. Low-level control
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Fig. 6. The custom load sensor output during one gait cycle is

depicted. The load sensor and voltage divider output

approximately 0.5 V when unloaded. This value increased to 1 V

at heel strike (0%). As a result of the orientation of the flexure, it

was more sensitive to extension moments across the knee. A

large extension moment was applied to the knee during the

middle of stance (25%), which led to a load sensor output of 3 V.

Subsequently, the load sensor fell to 0.5 V following the removal

of the extension moment, where it remained until heel strike.

Single Board
Computer

Inertial 
Measurement Unit

16-Bit A/D 
Conversion

Flexure Based 
Load Sensor

Absolute Encoder

Brushless Motor 
Drive

24V LiPo Battery
(1200 mAH)

Brushless Motor w/ 
Encoder

Electromagnetic
Clutch

2 kHz Audible 
Alarm

802.11n Wireless 
Adapter

Smart LED 
Status Indicator

High-Level Control

Signal Processing 
and Sensing

Low-Level Control Actuation

Communication

Power

USB

HDMI

Fig. 7. Diagram showing embedded modules within the clutchable series-elastic actuator knee.
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was implemented using a 400 W commercial brushless

motor drive with four quadrant capabilities (model: IPOS

4808VX, Technosoft Motion, Neuchâtel, CH). The drive

was chosen for its compact size, I/O options and current

capabilities (8 A continuous, 20 A peak). To promote elec-

trical efficiency, the drive is able to regenerate power during

the second and fourth quadrants of the motor’s torque-

velocity profile. An impedance control architecture was

implemented, permitting modulation of knee stiffness,

damping and equilibrium position parameters. The drive’s

impedance control loop updated at 2 kHz with an inner cur-

rent loop that updated at 10 kHz. The high-level controller

communicated bidirectionally with the drive. The impe-

dance parameters were updated by the high-level controller

at 100 Hz and the drive sent values of motor current, vol-

tage and position to the high-level controller.

Communication between the controllers was via RS-232 at

115.2 kbaud. All power management was implemented on

the drive, which supplied regulated 5 V to the high-level

controller. Power was supplied by a six-cell 24V lithium

polymer battery with a 1200 mAH capacity.

4.2. State estimation and control

Implemented on the high-level controller, a finite-state

machine governed walking behavior of the CSEA Knee.

Each state consisted of parameterized knee impedance

including joint stiffness, damping and set-point values, as

well as transition criteria. During operation, the states are

concatenated to produce seamless locomotion behavior. An

impedance-based controller was chosen to cooperatively

render joint impedance with the integrated series compli-

ance within the CSEA mechanism. In addition, such con-

trollers have had much success in previously developed

robotic prostheses, both within our group (Au and Herr,

2008; Martinez-Villalpando and Herr, 2009) and abroad

(Sup et al., 2009). To estimate location within the gait

cycle, the high-level controller used the onboard sensor

information, and transitions were imposed as specified cri-

teria were satisfied. The controller used knee angle and

angular velocity, as well as the flexure-based load sensor

voltage to discriminate between states. The angular velo-

city was calculated using the finite difference derivative

method with a two-point weighted moving average filter

(weights = [2, 1]).

The gait cycle was divided into five states: (1) stance

phase; (2) early swing flexion; (3) late swing flexion;

(4) early swing extension; and (5) late swing extension

(Figure 8), with each state having separate impedance

representations. State two includes the late-stance flexion

portion of stance phase while both feet are in contact with

the ground. The state-dependent impedance functions were

inspired by investigation of the torque-angle and torque-

angular velocity relationships of the able-bodied knee, as

well as the joint’s mechanical power profile (based on the

work of Martinez-Villalpando (2012)). State one was com-

prised of stance phase, and began with heel contact of the

prosthesis and continued until weight began to transition to

the non-affected side (i.e. double support). During state

one, the clutch was activated, rendering knee stiffness as

the series compliance within the CSEA mechanism. The

purpose of this phase was to provide the appropriate knee

torque-angle relationship at the reduced electrical cost of

the electromagnetic clutch. As unloading commenced, the

controller transitioned to the swing flexion states (two and

three). The purpose of these states was to supply positive

power to initially flex the knee and remove energy as the

knee approached peak swing flexion. Positive mechanical

power was provided in state two by a unidirectional virtual

spring (flexion torque only) that was instantaneously pre-

loaded. The power added was consistent with the power

profile of the able-bodied knee. During state three, energy

was removed by a nonlinear damping impedance. The non-

linear impedance was implemented as a quadratically

Fig. 8. Top: state machine depicted with general indication of

state purpose and transitions. Bottom: able-bodied knee angle

profile shown as a function of gait cycle. Each state location is

denoted and stance phase is comprised solely by state one. In

addition, sub-portions of stance and swing phase are shown with

their location in the gait cycle
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increasing damping value as a function of knee angle. As

the knee reached peak swing flexion, the controller transi-

tioned to the swing extension states (four and five). During

state four, an initial positive power phase extended the knee

as a unidirectional virtual spring (extension torque only)

that was preloaded with a 75 ms ramp in equilibrium posi-

tion angle; the purpose of this ramp was to more gently

apply the extension torque and increase comfort. Similarly,

the positive power phase added by the virtual spring can be

observed in the able-bodied knee power profile. As the knee

extended, the controller transitioned to state five. The pur-

pose of state five was to decelerate the leg as the knee

extended prior to heel contact. Similar to state three, the

deceleration was imposed using a quadratically increasing

damping impedance. A secondary purpose of state five was

to store energy in the flexion spring as the motor provided a

substantial deceleration (flexion) torque. In other words, as

the leg decelerated, the applied flexion torque compressed

the flexion spring. The compression of this spring promoted

efficient energy exchange from the flexion spring to the

extension spring as the knee transitioned to early-stance

phase knee flexion (state one). The control laws and transi-

tion criteria are provided in Tables 4 and 5, respectively. It

should be noted that state one includes a damping term to

prevent oscillations if the clutch is disengaged when there is

nonzero compression of the series spring. Finally, the ren-

dered knee impedance at the joint will include the stiffness

(ks = 240 Nm/rad) in series with the motor’s impedance.

5. Experimental testing

To quantify the efficacy of the CSEA Knee, the robotic

prosthesis was tested by a unilateral above-knee

(transfemoral) amputee. The purpose of the clinical testing

was to test the device’s ability to promote early-stance flex-

ion obtained through the compression of the series compli-

ance, as well as the energy efficiency that results from

using the clutch to provide the reaction torque. Early-stance

knee flexion is important because it may reduce impact

loading during early stance, and the metabolic energy

required to walk (Inman and Eberhart, 1953; Gard and

Childress, 2001). The testing was performed by character-

izing the device’s joint kinematic and kinetic profiles, as

well as the electrical and mechanical energy that resulted.

Experiments were performed to test the performance of

the CSEA Knee during level-ground locomotion. The

study was approved by the MIT Committee On the Use of

Humans as Experimental Subjects and informed consent of

the participant was obtained. The participant was a

48-year-old male (height: 1.83 m, weight: 89.3 kg) that

was 39 years post amputation, whose residual limb was

43% of the length of his sound side (measured from the

greater trochanter to the lateral epicondyle). For daily use,

the participant used a suction socket suspension with a

microprocessor-controlled knee and a vertical shock energy

return prosthetic foot. During testing, a powered ankle

prosthesis (BiOM Inc., Bedford, MA) was used in combi-

nation with the CSEA Knee (Figure 9). Since the CSEA

Knee design was inspired by the biomechanics of the intact

human knee joint during locomotion, a powered ankle

prosthesis was chosen that closely mimics the natural beha-

vior of the human ankle joint. Initially, the subject was

fitted with the prostheses by a certified prosthetist who

subsequently tuned the BiOM using the commercially

available application. During the BiOM tuning process, the

control program of the ankle was adjusted to produce

Table 4. State impedance laws.

State Clutch Control law Gait phase

1 On t = b _u Stance
2 Off t = k(u� uk)+ (b1(u� ub)

2 + b2) _u Early swing flexion
3 Off t =(b1(u� ub)

2 + b2) _u Late swing flexion
4 Off t = k(u� uk)+ b _u Early swing extension
5 Off t =(b1(u� ub)

2 + b2) _u Late swing extension

Table 5. State transition criteria.

State Transition criteria Transition variables Gait phase

1 VZ\0:9Vmax N/A N/A Stance
2 u.u52 u52 0.62 rad Early swing flexion
3 _u\j _u53j or

u.u53

_u53

u53

0.09 rad/s
0.62 rad

Late swing flexion

4 u.u54 u54 0.52 rad Early swing extension
5 _u\j _u55j or

u\u55

_u55

u55

0.09 rad/s
0.07 rad

Late swing extension
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biological levels of net work. Lastly, a 0.1 rad flexion bias

spacer was added by the prosthetist at the proximal knee

attachment pyramid.

5.1. Parameter tuning

Prior to testing, the controller’s impedance parameters were

tuned to adjust the kinetic and kinematic profiles of the

CSEA knee during locomotion. The participant walked on

a treadmill at a self-selected speed (1.3 m/s, approximately

52 steps/minute) while the parameters were adjusted. The

parameters were tuned using an iterative approach based on

three criteria: (1) comparison of kinematic and kinetic

profiles to those observed from standardized biological

datasets; (2) clinical input from the prosthetist; and (3) the

level of comfort of the participant. The subject walked for

approximately 1 minute while the gait parameters were

quantified; during this time the prosthesis was fully autono-

mous and no tether was used. Following this assessment

modifications were made to the parameters and the next

iteration trial was subsequently completed. This process

was repeated for approximately 6–8 iterations. Once the

parameters were successfully tuned, the final impedance

values were as shown in Table 6 with resulting stiffness

and damping profiles for a representative stride as shown

in Figure 10.

5.2. Walking testing

Following the determination of the controller parameter set,

the participant walked with the CSEA Knee at the self-

selected pace (1.3 m/s, 0.87 prosthesis steps/s). Three trials

were collected where each trial consisted of the participant

walking on the treadmill for three minutes. During each

trial, the participant walked approximately 230 m (approxi-

mately 150 steps). Kinematic and kinetic data were

acquired and stored using the integrated electronic mod-

ules. The mean torque-angle relationship (Figure 11)

demonstrates the biological realism of the CSEA Knee. On

average, the subject walked with 0.27 radians of early-

stance phase knee flexion, which included the 0.1 radian

flexion spacer. The mean flexion angle of the biological

knee is 0.37 radians; thus, the CSEA Knee obtained

approximately 73% of the flexion observed in biological

Fig. 9. Anterior view of the clutchable series-elastic actuator (CSEA) knee shown with translucent protective cosmesis (a). Anterior

and lateral views of the CSEA Knee with the BiOM powered ankle prosthesis (b). This configuration was used to test the CSEA Knee

during walking.

Table 6. Impedance controller parameters.

Parameter Values Gait phase

b 25.0 Nms/rad Stance
k
uk

b1

ub

b2

28.6 Nm/rad
0.61 rad
4.4 Nms/rad/rad2

0.0 rad
0.5 Nms/rad

Early swing flexion

b1

ub

b2

4.4 Nms/rad/rad2

0.0 rad
0.5 Nms/rad

Late swing flexion

k
uk

b

24.3 Nm/rad
0.61 rad
0.7 Nms/rad

Early swing extension

b1

ub

b2

93.6 Nms/rad/rad2

0.52 rad
0.7 Nms/rad

Late swing extension
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data. In addition, the mean net work produced by the

CSEA Knee was within 17% of weight-normalized biologi-

cal data. The peak flexion angle of the CSEA Knee was 1.0

radian, compared to approximately 1.1 radians observed in

human data.

The torque of the CSEA Knee was comparable to that

observed in biological data as well. A peak torque of

15.5 Nm was observed during early-stance flexion (less

than that of biological data because of the reduced peak

stance flexion angle [Figure 11]). During the swing phase,

the CSEA Knee initially provided less torque when com-

pared to biological data, but provided greater torque during

swing extension. The deceleration torque provided by the

CSEA Knee was used to regenerate substantial power dur-

ing this portion of the gait cycle.

5.3. Mechanical energy transfer

Efficient mechanical energy storage both promotes early-

stance knee flexion as well as reduces the electrical power

needed during late-stance flexion. The knee angle and

motor angle are shown in Figure 12, with the difference

between the profiles denoting the compression of the flex-

ion or extension springs. During late swing extension, the

motor was decelerating the leg, providing substantial knee

torque. This torque caused the mechanism’s flexion spring

to store mechanical energy, which was then transferred

throughout stance phase. The energy stored in the flexion

spring promoted stance phase knee flexion as the energy

was transferred from the flexion spring to the extension

spring (1 J, Figure 12). In other words, at stance initiation a

flexion torque was provided by the compression of the flex-

ion spring, which encouraged the participant to flex the

knee. This is significant because transfemoral amputees

often resist early-stance flexion as a result of previous pas-

sive prosthetic knees being unable to provide any early-

stance flexion (i.e. if older prosthetic knees flexed during

stance phase, they would buckle). Thus, the device’s ten-

dency to provide early-stance flexion is meaningful from a

clinical perspective. Subsequently, as the knee exited early-

stance knee flexion, the energy was transferred from the

extension spring back to the flexion spring as the knee

extended (0.8 J), prior to late-stance flexion. Lastly, as the

knee began swing flexion, the energy stored in the flexion

spring was released to aid in knee flexion. This transfer of

energy highlights the role of the tuned series compliance

Fig. 10. Stiffness and damping profiles that result from the

impedance-based state machine. Stiffness values are shown on

the left axis and damping values are shown on the right axis;

both are in terms of their effect on the knee joint.

Fig. 11. The torque-angle profiles for the knee joint, shown for

both the experimental participant (black, mean) as well as

weight-matched standardized biological data (red, mean). The

gray lines indicate the individual trials for the clutchable series-

elastic actuator (CSEA) knee. Note the agreement of the mean

profiles—the CSEA Knee obtained an average of 0.27 radians of

early-stance flexion, approximately 73% of that seen in the

biological knee.

Fig. 12. Knee and motor angles shown for a representative stride

(0% heel contact). Their difference denotes the deflection of the

series compliance, which originally stores 1.5 J during late swing

extension and transfers this energy during early-stance knee

flexion. This figure highlights the exchange of energy between

the two springs.
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within the CSEA Knee to provide not only electromechani-

cal efficiency, but also potential clinical benefits.

5.4. Power consumption

One of the main goals of the CSEA Knee was to lower

electrical energy consumption for elastically conservative

regions of a movement task. This design objective was crit-

ical because robotic prostheses must be energetically auton-

omous, using onboard batteries that make the device

substantially heavier and more cumbersome. In this work,

negative electrical power refers to the absorption of energy

from the environment (i.e. could be used to charge the

power source), whereas positive electrical power refers to

energy consumed to do work on the environment.

The net electrical energy consumed by the CSEA Knee

was reduced during walking. The electromechanical compo-

nents of the CSEA Knee (i.e. motor and clutch) generated

1.8 J of electrical energy during each stride. The electronic

modules consumed 5.4 J/stride at 4.8 W. Thus, the net elec-

trical energy consumption was 3.6 J/stride during locomotion

(Figure 13). The energy generated by the electromechanical

components was a result of utilizing the motor as a generator,

and was facilitated by the energy-efficient nature of the trans-

mission as well as the low-power clutch that reduced the elec-

trical energy required by the motor (Figure 13(a)). This is

consistent with previous work that showed 5 W of electrical

energy generation from energy harvesting knee orthoses

worn by able-bodied subjects during locomotion (Donelan et

al., 2008). The electronic modules were considered separate

from the electromechanical components, as the modules were

commercial electronic components whose functionality could

easily be reduced to a custom, power-optimized embedded

system that would consume substantially less electrical

energy. For example, the quiescent electrical power consump-

tion of the BiOM powered ankle prosthesis was measured to

be 2–2.5 W, a 50% reduction from the electronic modules in

the CSEA Knee.

The net electrical energy consumed by the CSEA Knee

during locomotion is an order of magnitude less than previ-

ously published robotic knee prostheses. Sup et al. (2009)

demonstrated a robotic knee-ankle prosthesis, of which the

knee alone used approximately 21 W during locomotion

(corresponding to 23 J/stride), including energy consump-

tion by the electronics. The substantial energetic savings of

the proposed knee prosthesis is a result of the CSEA

mechanism—a low-power clutch was used to provide the

reactionary torque during an elastically conservative task.

To further reduce the power consumed by the clutch, the

peak holding torque may be reduced to only that which is

necessary during stance flexion. For example, by reducing

the peak holding torque by 50%, the current can be reduced

to approximately 125 mA and the electrical power con-

sumed by the clutch would be reduced by a factor of four.

In addition, the lightweight and efficient mechanical design

of the CSEA contributes its energetic economy. Thus, the

power source onboard the CSEA Knee can be smaller and

lighter compared to previously developed devices.

Using the onboard battery within the CSEA Knee, an

amputee user could walk throughout their community with-

out recharging. The power source for the CSEA Knee was

provided by a 1200 mAh LiPo battery (28.8 Wh) that

weighed 160 g. Assuming consistent energy characteristics,

an amputee with the CSEA Knee prosthesis could walk

Fig. 13. (a) Profiles of the clutchable series-elastic actuator (CSEA) knee’s total voltage, current and electrical power profiles during

locomotion (combined motor and clutch). Note the substantial negative power region during late swing extension. The mean is shown in

bold and the standard deviation is shown in translucent. (b) The mean electrical energy per stride shown for the electromechanical

components (–1.8 J), the electronic modules (5.4 J) and the net total energy consumed (3.6 J). Standard deviations are shown as error bars.
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approximately 30,000 strides (i.e. steps of the prosthesis) or

40 km at the participant’s preferred speed, for a duration of

8.7 hours. In addition, considering only the quiescent power

consumed by the electronic modules, an amputee could stand

with the CSEA Knee prosthesis for approximately 6 hours

(operating with only significant viscosity during standing)

with a single charge of the battery. The total operating dura-

tion for walking is greater than the potential duration of

standing alone as a result of the energy-generating nature of

walking with the CSEA Knee prosthesis. Finally, the usage

time required to drain the battery could easily be extended

by creating a low-power (sleep) state of the prosthesis that

could be implemented during relaxed modes (i.e. sitting).

6. Design limitations

The clutch and series elasticity within the CSEA mechanism

introduce limitations. As with all SEAs, the series compli-

ance within the CSEA Knee limits the maximum impedance

that the device is able to render. As a result, the CSEA Knee

is limited to biomechanical activity modes that are within the

bandwidth of the CSEA mechanism (with ks = 240 Nm/rad).

In addition, when the clutch is activated the motor is not able

to provide additional torque—a drawback not seen in parallel

spring designs. Control intelligence could be added to the

CSEA Knee that deactivates the clutch and uses the motor to

apply the required torque if needed; for example, this may be

necessary during obstacle avoidance or fall recovery.

The torque-angle behavior of the CSEA Knee is fixed

during early-stance knee flexion, only able to render the

240 Nm/rad. As such, it may not vary stiffness with other

parameters, including walking speed. Fortunately, biologi-

cal knee quasi-stiffness has been shown to be relatively con-

stant across walking speeds (Shamaei et al., 2013).

7. Conclusion

This paper provided the theory and design implementation

of a CSEA in a robotic knee prosthesis. The purpose of the

CSEA was to leverage a tuned series compliance with a

low-power clutch to provide normal biomechanics with min-

imal electrical energy consumption. Since the CSEA Knee

was powered, it provides the clinical capabilities to support

a wide array of net-positive locomotion modes not available

with traditional passive prosthetic knees. The mechanical

design was detailed and resulted in a device that was lighter

than the eighth percentile and shorter than the first percen-

tile male shank segment. Experimental results with a unilat-

eral transfemoral amputee showed biomechanically accurate

knee torque-angle behavior, agreeing within 17% of the net

work and 27% of the stance flexion angle produced by the

biological knee. The CSEA Knee was electrically efficient;

the electromechanical components of the mechanism (motor

and clutch) generated energy during locomotion (1.8 J/

stride), while the electronic modules consumed 5.4 J/stride.

Hence, the net energy consumption was 3.6 J/stride. Future

work includes the development of a custom, low-power

embedded system, a comprehensive gait study investigat-

ing the clinical benefits of the CSEA Knee as well as the

expansion of the CSEA architecture to other biomechani-

cally relevant joints for bionic prosthesis development.
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