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Abstract 14 

Today’s passive prosthetic technologies limit the well-being of millions of individuals with amputations, who 15 
often walk slower, use more energy, fall more often, and develop devastating secondary deficits over time. 16 
Robotic prostheses hold the promise to address many of these challenges, but safe, reliable control strategies 17 
have remained out of reach—that is, a critical gap is the ability to provide appropriate instructions to robotic 18 
legs that enable robust ambulation in the real world. Fortunately, there are many researchers studying control 19 
strategies, but each group tests their strategies with different robotic hardware in constrained laboratory 20 
settings. This mismatch in prosthesis hardware severely limits comparison of control solutions and, along with 21 
the lack of testing in real-world environments, hinders the translation of these promising technologies. To 22 
address these challenges, we developed the Open Source Leg (OSL): a robotic knee-ankle prosthesis that 23 
facilitates controls, biomechanics, and clinical research. This paper describes the design innovations required 24 
to develop a bionic leg for broad dissemination, characterization of the OSL’s electromechanical performance, 25 
and clinical demonstration with an advanced high-level control strategy, tested with three individuals with 26 
above-knee amputations. The OSL provides a common hardware platform for scientific studies and clinical 27 
testing, lowers the barrier for new prosthetics research, and enables research beyond the laboratory: in more 28 
realistic environments, such as the hospital, community, and home. 29 

  30 
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Introduction 31 

Millions of people with lower-limb amputations suffer from a reduced quality of life1,2. Physically, the 32 
majority of these individuals walk slower, get tired faster, and are less stable than non-amputees, partly due to 33 
the passive nature of traditional prosthetic legs3–5. In the intact human body, leg muscles contract during 34 
walking to add mechanical energy6; however, passive prostheses are not able to provide this energy, and, 35 
subsequently, cannot restore the natural functions of muscles lost during an amputation. This makes more 36 
demanding activities, such as climbing stairs and ramps, particularly difficult7. Additionally, individuals with 37 
lower-limb amputations often develop compensatory modifications to their gait, biomechanics, and muscle 38 
activation patterns that lead to further complications, such as osteoarthritis, osteoporosis, and back pain8–10. 39 
Finally, the resulting mobility challenges can lead to depression, social stigmatization, and 40 
unemployment2,11,12. Although passive prostheses provide substantial mobility benefits, their physical, 41 
psychological, and social impacts limit the quality of life for many individuals with amputations. 42 

Several research groups are developing powered knee, ankle, and knee-ankle (whole-leg) prostheses that have 43 
the potential to address many of the challenges stemming from their passive counterparts13–21. Powered 44 
prostheses typically use electric motors that are able to add net-positive mechanical energy similar to the 45 
muscles within the leg. Powered knee prostheses include the Clutchable Series-Elastic Actuator (CSEA) and 46 
the ANGle-dependent ELAstic Actuator (ANGELAA) knees22,23; the CSEA Knee is capable of recreating 47 
early-stance knee flexion and extension—a region of the gait cycle that most passive prostheses cannot 48 
reproduce safely24,25. Previously developed powered ankle prostheses include the MIT Powered Ankle-foot 49 
Prosthesis, SPring Ankle with Regenerative Kinetics (SPARKy), Ankle Mimicking Prosthetic (AMP) Foot, 50 
and the Robotic Transtibial Prosthesis (RoboTPro)26–29; compared to passive prostheses, amputees using 51 
powered ankles walk faster, use less energy, and/or exhibit improved center of pressure progression, although 52 
there has been debate on the applicability of these systems for people with lower activity levels30. Powered 53 
knee-ankle systems include the Vanderbilt Powered Leg (VPL) Prosthesis and the University of Utah 54 
Lightweight Leg31–33; these prostheses combine the benefits of powered knee and ankle prostheses. Finally, 55 
prosthesis emulators are a recently-developed alternative for quickly and systematically testing control 56 
systems34,35. Emulators utilize off-board motors and Bowden cable tethers, leading to high performance and 57 
low prosthesis weight; however, the tether between the motor and prosthesis can limit experiments to a 58 
laboratory setting with a treadmill. 59 

There have also been promising advances in the development of safe, natural, and intuitive control 60 
approaches. Today’s state-of-the-art control architectures typically include three overarching levels of control, 61 
each bearing responsibility for certain aspects of successful community ambulation. The control systems must 62 
recognize the user’s intended movement (i.e., high-level control), translate the intended movement into an 63 
appropriate pattern of leg movement and effort (mid-level control), and execute the desired motions with 64 
closed-loop control (low-level control)36. Errors or failures at any of these levels may lead to falls, injuries, 65 
loss of confidence, and reduced community mobility. Fortunately, this is an active area of research, with many 66 
groups studying different approaches. For example, existing mid-level strategies implement impedance-based 67 
control, phase-based control, or biologically-inspired neuromuscular models16–18,31. High-level control 68 
approaches use simple thresholds or implement machine learning techniques to automatically transition 69 
between mid-level control strategies for different ambulation modes, such as level ground walking, ramp 70 
ascent/descent, and stair ascent/descent31,37. Overall, control systems for robotic legs are highly 71 
sophisticated—sometimes containing over 100 parameters, requiring multiple hours of tuning38. Thus, despite 72 
promising work, key challenges remain in the development of control strategies that are safe, robust, and 73 
intuitive.  74 

Although talented researchers around the world are investigating the best ways to control robotic prostheses, 75 
development of prosthetic hardware requires substantial investments of time and resources before research 76 
can begin. Even after research is complete, differences in design, performance, and limitations hinder the 77 
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ability to compare the merits of different control systems. For example, robotic prostheses today vary widely 78 
in size, weight, transmission type, controllability, and degrees of freedom; additionally, many research 79 
prostheses must be tethered to a power supply—preventing researchers from testing in more challenging and 80 
realistic environments. Finally, since most research prostheses are prototypes, they are typically only tested in 81 
a few studies by the original designers, and can be difficult for other researchers to use. The lack of a low-82 
cost, high-performance, and accessible powered prosthetic leg technology has hindered progress in the field, 83 
and ultimately, the quality of life of individuals with lower-limb amputations. 84 

To facilitate the study and fair comparison of control approaches, lower the barrier to performing controls 85 
research, and prevent duplication of effort, we have created the Open Source Leg (OSL): a unique robotic 86 
knee-ankle prosthesis system developed for open-source dissemination (Fig. 1). The OSL includes novel 87 
prosthesis hardware, actuation, sensing, low-level control software, and software libraries to communicate 88 
with researcher-specific mid- and high-level control systems. In this article, we present the design, technical 89 
characteristics, and performance of the OSL. We provide a detailed description of the design process, 90 
mechatronics implementation, benchtop testing, and highlight two novel design components—implementation 91 
of high-torque motors and an easily-modifiable series-elastic actuator. Finally, we demonstrate individuals 92 
with amputations successfully walking with the OSL across level ground, ramps, and stairs with an existing 93 
high- and mid-level control strategy, with all control parameters provided for reference for future 94 
researchers38. 95 

Results 96 

Design overview. The OSL incorporates a number of design innovations to facilitate dissemination and high 97 
performance. For example, we used electric motors that were originally developed by the drone industry, and 98 
are rarely used in wearable robotic applications39 (Fig. 1, Table S1). These motors produce 2-10 times more 99 
torque than the motors typically implemented in prosthetic legs, allowing us to implement transmission ratios 100 
2-5 times lower than comparable prostheses (Table 1). Transmissions amplify the torque produced by the 101 
motors, and low transmission ratios are important in prostheses because they improve size, electrical power 102 
demands, bandwidth, and audible noise, ultimately impacting mass, battery size, controllability, and other 103 
factors. Additionally, the OSL incorporates selectable series elasticity: the knee functions either as a series-104 
elastic actuator (SEA)—and allows for modification of the series stiffness—or as a non-SEA (Fig. 1)40. 105 
Selectable series elasticity allows researchers to use the SEA for energy storage/return, shock tolerance, and 106 
torque control, whereas the non-SEA is simpler, lighter, and requires motor current to estimate torque. 107 
Depending on the desired magnitude of the series stiffness element, up to six springs disks—each with a 108 
stiffness and mass of 97 ± 20 Nm/rad and 23 g, respectively—can be stacked inside the knee’s transmission, 109 
resulting in a compact SEA without any added volume (Fig. 1). Finally, the OSL (4 kg) is 20% lighter than 110 
similar prostheses and is fully self-contained—including batteries (36 V/950 mAh), sensing, and 111 
computation—two key characteristics for portability and testing outside of laboratory conditions (Table 1). 112 

We included embedded electronic systems that handle sensing, low-level control, and communication, 113 
enabling researchers to focus on clinical testing and novel higher level control strategies. The OSL is powered 114 
by the Dephy Actuator Package (DAP), which integrates the high torque motor with a commercialized version 115 
of the Flexible Scalable Electronics Architecture (FlexSEA) in a compact, reliable platform41,42 (Fig. 1). The 116 
DAP implements low-level motor control and field oriented control commutation; closes the feedback loops 117 
in the position, velocity, current, and impedance controllers; and facilitates communication between the motor 118 
controller and external computers/sensors, via Universal Serial Bus (USB), Bluetooth, Serial Peripheral 119 
Interface (SPI), Inter-Integrated Circuit (I2C), RS-485, or Universal Asynchronous Receiver/Transmitter 120 
(UART) protocols. To control overall prosthesis behavior, researchers provide mid- (e.g., desired position, 121 
desired current, controller gains, etc.) and high-level (e.g., ambulation mode, state, etc.) control commands, 122 
using their preferred embedded hardware system (e.g., single-board computer, laptop computer) and an open-123 
source Python or MATLAB Application Peripheral Interface (API) (Fig. 2). A graphical user interface (GUI) is 124 
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also available to quickly test the system, tune controllers, and display and save sensor data. The OSL and 125 
DAP include the following sensors: winding and bus electrical states, temperature, nine-axis inertial 126 
measurement unit (IMU), a 14-bit motor encoder, and a 14-bit joint encoder (Table S1). A six-axis load cell 127 
can be mounted to either the knee’s distal or the ankle’s proximal pyramid adaptor (Fig. 1). Finally, the DAPs 128 
include a number of features to improve safety and reduce user error, including: over- and under-voltage 129 
protection, over-current protection with programmable and physical fuses, and electrostatic discharge 130 
protection on the inputs and outputs. 131 

 132 

 133 

Figure 1 | The Open Source Leg (OSL) and its novel design components. a, Rendering of the OSL. 134 
b, Schematic of the OSL highlighting the transmission, electronics, and loadcell. c, Output view of the 135 
electric motor used in the OSL. d, Output view of the Dephy Actuator Package (DAP), which includes 136 
the electric motor and accompanying electronics. e, Side view of a single spring disk. f, Finite element 137 
analysis of a spring disk being deflected by the gear-shaped internal shaft. Colors represent the von 138 
Mises stress. g, Exploded view of six springs stacked inside the knee output pulley. h, Torque-angle 139 
relationship of the knee with 1-6 springs stacked inside. Each spring has a stiffness of approximately 140 
100 Nm/rad. 141 

 142 
 143 
 144 
 145 
 146 
 147 
 148 
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Table 1. OSL specifications with comparison to other prostheses and the human body. 149 
 150 

    OSL MIT Vanderbilt Utah Humang 

Mass 
(g) 

Knee 2160-2330a 2700 2700d 1680 2616h 

Ankle 1740 2000 2300 1045e 1959i 

Height 
(mm) 

Knee 240 285 - 290 314h 

Ankle 213 220 210 120 171i 

Range of Motion 
(°) 

Knee 120 120 120 120 90 

Ankle 30 45 65 55 60 

Transmission Ratio 
Knee 49 143 176 0-375 - 

Ankle 58 ± 16b 170 116 50-800 - 

Series Elasticity 
(Nm/rad) 

Knee 100-600 240 - - - 

Ankle - 1688d - - - 

Peak Torque, 
Continuous (Nm) 

Knee 50c 40 - - - 

Ankle 59 ± 16c - - - -   

Peak Torque, 
Instantaneous (Nm) 

Knee 150c 120 85 125 90 

Ankle 178 ± 49c 125 150 125 105 

Peak Speed 
(rad/s) 

Knee 5.2 - - - 6.8 

Ankle 5.6 - - - 5.4 

Position Bandwidth 
(Hz) 

Knee 10-20 - - 7f 2j 

Ankle 10-20 - - - 4j 

Torque Constant 
(Nm/A) 

Knee 0.14 0.028 0.028 0.014 - 

Ankle 0.14 0.060 0.053 0.014 - 

Motor Constant 
(Nm/W1/2) 

Knee 0.182 0.044 0.044 0.023 - 

Ankle 0.182 0.057 0.096 0.043 - 

Bus Voltage 
(V) 

Knee 36 24 24 24 - 

Ankle 36 24 24 24 - 
- Not applicable/available 151 
a    Knee mass varies with SEA configuration 152 
b    See Fig. S5for ankle transmission ratio profile 153 
c    Estimated with torque constant, transmission ratio, continuous (10 A) and instantaneous (30 A) 154 
motor current, and 90% efficiency at each transmission stage 155 
d    Estimated 156 
e    Does not include batteries or electronics 157 
f    10° amplitude 158 
g    Assuming a 75 kg, 1.7 m tall subject walking on level ground or ascending/descending stairs 159 
h    Assuming 75% shank mass and height 160 
i     Assuming 25% shank plus foot mass and height 161 
j     Defined as the frequency range over which 70% of the total signal power is captured 162 
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 163 
 164 

Figure 2 | Two possible embedded system configurations. High-level overview of electronics, 165 
sensors, and power supplies, along with the type of communication between components. a, The DAPs 166 
are connected in parallel with a single-board computer via USB; this configuration was used for the 167 
benchtop testing, with a single motor. b, The DAPs are connected in series with a microcontroller, and 168 
the load sensor communicates with the microcontroller via Controller Area Network (CAN) bus; this 169 
configurations was used for the clinical testing. 170 

 171 

Benchtop testing. To facilitate the success of future researchers who may use the OSL, we completed 172 
electromechanical and thermal performance testing using a benchtop setup. We tested the low-level position 173 
and current controllers in the time and frequency domains, and also tracked the OSL’s temperature increase 174 
during 70 minutes of continuous operation.  175 

A step response test was used to quantify the OSL’s ability to track changes in desired position and current 176 
reference values; frequency response tests estimated the bandwidth—the range of input frequencies that the 177 
OSL can track with high fidelity—of the low-level position and current controllers. Motor current is often 178 
used in prostheses to estimate output torque, and the current controller’s performance is critical for open-loop 179 
torque and impedance control. The position and current controllers exhibit fast and accurate step responses, 180 
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with bandwidths of 10.7-20.2 Hz and >200 Hz, respectively (Fig. 3, Table 1). In approximately 30% of the 181 
current bandwidth trials, the magnitude of the frequency response did not fall below -3 dB within the 182 
measured frequency range, indicating that bandwidth was higher than the Nyquist frequency (375 Hz). Further 183 
results on the controller performance can be found in our previous work43. 184 

The heat generated by an electric motor (equation (7)) ultimately limits the torque it can generate, and how 185 
long it will operate safely. Therefore, we quantified the thermal response, and developed a thermal model of 186 
the motor and OSL to a current step input of 8 A direct current (DC) (Fig. 3, Movie S1); the current was 187 
supplied across two winding leads, which is equivalent to approximately 6.5 A of torque producing DC 188 
current for a delta-wound motor (i.e. q-axis current), producing approximately 12 W of thermal heat flux. 189 
Starting from an ambient temperature of 25 °C, the T-motor windings reached a steady-state temperature of 190 
92 °C; when the DAP electronics plate—which acts as an additional heatsink—was included, the windings 191 
and housing (plate) reached steady-state temperatures of 83 °C and 64 °C, respectively. From the 192 
experimental data, we calculated the motor’s thermal resistance and capacitance and simulated the motor’s 193 
thermal response (Fig. 3). Our simulation predicts that the motor can operate at its continuous (10 A q-axis) 194 
and peak (30 A q-axis) current limits—corresponding to approximately 50 Nm and 150 Nm of joint torque 195 
(Table 1)—for 513 s and 17 s, respectively, before reaching unsafe temperatures (set at 125 °C). In these 196 
simulations and the paper as a whole, the current reported is the q-axis current, which is analogous to the DC 197 
current in the standard brushed electromechanical model44. 198 

 199 

Figure 3 | Electromechanical and thermal benchtop testing. a, Test setup, step response, and 200 
frequency response for the position control system. The output of each joint was free to rotate for these 201 
tests. The dashed line represents the -3 dB threshold used to calculate bandwidth. b, Test setup, step 202 
response, and frequency response for the current control system. The output of each joint was locked 203 
in place for these tests. c, Equivalent electrical circuit used to model the thermal dynamics of the 204 
motor. d, Thermal image of the knee prosthesis, without the DAP electronics plate, after providing the 205 
motor with a constant current of 8 A DC across two winding leads for 70 minutes. e, Thermal image of 206 
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the knee prosthesis, with the DAP electronics plate, after providing the motor with a constant current 207 
of 8 A DC for 70 minutes. f, Simulated (bold) and experimental (shaded) thermal response of the 208 
motor to a constant current of 8 A across two leads. 209 

 210 

Clinical testing. The OSL was tested clinically to demonstrate efficacy, as well as provide details of an 211 
existing high and mid-level controller that produces known gait patterns and biomechanical data. The intent of 212 
these data is to serve as a benchmark for future researchers developing new control strategies. Thus, we 213 
conducted clinical testing with three individuals with unilateral transfemoral (above-knee) amputations (Table 214 
S2, Fig. 4) who did not have prior experience with the OSL, but did have prior experience ambulating with the 215 
VPL Prosthesis31. We implemented an impedance-based control system to enable meaningful ambulation 216 
modes at a rehabilitation hospital38. Each subject provided written informed consent, approved by the 217 
Northwestern University Institutional Review Board. Testing occurred across two separate visits. 218 

 219 
Figure 4 | Subjects with a transfemoral amputation ambulating with the OSL. 220 

 221 

During the first visit, a certified prosthetist fitted and aligned the OSL to each subject, ensuring suspension, 222 
comfort, and stability on the leg during standing. Next, subjects walked within a set of parallel bars while we 223 
tuned the impedance parameters for level-ground walking. Subjects subsequently ambulated up/down stairs, 224 
and up/down ramps while we tuned the impedance parameters using a combination of visual inspection and 225 
feedback from the prosthetist, a physical therapist, and the subjects (Fig. 5); tuning continued until a set of 226 
clinical ambulation goals—including appropriate weight acceptance, plantarflexion, knee power, swing 227 
clearance, step length, walking speed, and minimal upper extremity support—were met, and the prosthetist, 228 
therapist, and subjects were satisfied with the OSL’s performance38. This visit lasted approximately 2-3 hours.  229 
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 230 
Figure 5 | Tuned impedance parameters across five ambulation modes. Mean (bold) and range 231 
(shaded) of virtual stiffness, equilibrium angle, and damping coefficient profiles for 3 subjects, tuned 232 
for level ground, ramp ascent/descent, and stair ascent/descent. 233 

 234 

During the second visit, subjects performed a series of ambulation circuits that included all of the following 235 
activities: standing, walking, stair ascent, stair descent, ramp ascent, and ramp descent, as described in prior 236 
work37,45. The circuit included seamless transitions between activities, achieved using a mobile phone that 237 
communicated with the embedded controller46. Seamless transitions within the experiment included: standing 238 
to walking, walking to standing, walking/standing to stairs, stairs to walking/standing, walking to ramps, and 239 
ramps to walking. We instructed subjects to ambulate at a comfortable speed and recorded data using the 240 
OSL’s on-board sensors. This visit also lasted approximately 2-3 hours. 241 

The subjects in this study exhibited similar joint kinematics and kinetics to those from our previous work (Fig. 242 
6)38. While walking on level ground and ramps, subjects achieved plantarflexion during early stance, 243 
controlled dorsiflexion during mid-stance, and powered push-off in late stance. Subjects successfully 244 
descended ramps and stairs with a reciprocal gait pattern by taking advantage of stance-phase knee flexion; 245 
during stair ascent with a reciprocal gait, subjects relied primarily on knee extension to propel themselves up 246 
and forward. Across all ambulation modes, peak knee flexion angles agreed to within 1-31% of able-bodied 247 
knee flexion and vertical ground reaction forces (GRFs) agreed to within 2-42% of able-bodied GRFs; for 248 
level-ground and ramp ambulation, peak ankle torques agreed to within 2-44% of able-bodied ankle torque. 249 
Subjectively, subjects noted during ambulation that the leg felt supportive, responsive, and smooth.  250 

 251 
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 252 
Figure 6 | OSL kinematics and kinetics across five ambulation modes. Mean user and able-bodied 253 
joint angles, moments, and vertical GRFs for level ground, ramp ascent/descent, and stair 254 
ascent/descent. Joint torques are normalized by subject mass and GRF is normalized by subject 255 
weight. 256 

 257 

Discussion 258 

This study describes the design, implementation, and characterization of an open-source robotic knee-ankle 259 
prosthesis, and demonstrates control with three subjects with transfemoral amputations successfully 260 
ambulating with the leg on level ground, ramps, and stairs. The OSL is intended to be a simple, portable, 261 
scalable, customizable, and economical hardware platform for development and evaluation of control systems, 262 
both in and out of the laboratory (Fig. 1). 263 
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Design. The intent of our design was to provide the highest performance, while facilitating ease-of-use, as 264 
well as reducing mass and cost. We implemented brushless electric motors from the drone industry because 265 
their efficiency and torque density permitted lower transmission ratios, enabling the use of timing belt drive 266 
transmissions, instead of more expensive or complex alternatives that can have substantial product lead times 267 
and cost (e.g., harmonic drives, roller screw transmissions) (Fig. 1). Additionally, the integration of Dephy 268 
actuation technology allows researchers to focus on mid- and high-level control strategies, rather than 269 
developing low-level controllers and communication protocols. The DAPs and the associated Python, 270 
MATLAB, and C/C++ APIs lower the barrier to using the OSL. The Dephy technology embeds electrical and 271 
temperature sensors, an IMU, and a motor encoder; provides simple position, current, and impedance 272 
controllers; and automatically implements I2C, SPI, USB, RS-485, UART, and Bluetooth communication 273 
(Fig. 2). 274 

The OSL’s low mass and compact power supply enable research beyond typical lab-based treadmill tests. The 275 
OSL is shorter than the 4th percentile and lighter than the 16th percentile male shank and foot6,47. The housings 276 
completely encompass the transmissions, batteries, and most of the electronics, reducing the risk of 277 
contamination or injury. Finally, the knee and ankle have independent embedded control hardware and 278 
batteries, allowing researchers to work with either the entire leg or a single joint. The portability and 279 
scalability of the OSL provide the capability to test control laws with both above- and below-knee amputees 280 
in indoor and outdoor environments. 281 

The customization options enable the OSL to be suited to the individual uses of each researcher. The knee 282 
functions either as an SEA or non-SEA, and the stiffness magnitude of the series elasticity can be selected by 283 
the researcher. The springs fit inside of the belt drive’s output pulley; therefore, the SEA configuration does 284 
not change the OSL’s volume (Fig. 1). Although the ankle does not include a specific series elastic element, it 285 
can integrate with either a compliant commercial foot or a rigid flat foot. In addition to hardware 286 
customization, researchers have multiple options for high-level control implementation. For example, we used 287 
two different embedded computers (Raspberry Pi 3 vs. Texas Instruments DM3730) and communication 288 
protocols (USB vs. SPI) to control the motors in the benchtop and clinical tests (Fig. 2). The OSL also 289 
functions with other high-level control schemes (e.g., MATLAB/Simulink, Robot Operating System, etc.) and 290 
external sensors (e.g., electromyography, additional IMUs, etc.). 291 

Clinical testing. All subjects in this study successfully ambulated on level ground, ramps, and stairs using the 292 
OSL, with all control parameter trajectories provided for reference (Fig. 4-6). Across most ambulation modes, 293 
joint angle and torque trajectories followed similar timing and amplitude patterns to able-bodied data48–50; 294 
however, there are notable differences. For example, subjects did not demonstrate early-stance knee flexion 295 
during level ground walking (Fig. 6). At heel contact, transfemoral amputees often pull back with their hip 296 
extensors to lock their prescribed, passive knee prosthesis into knee extension to prevent buckling and injury 297 
from falling; due to this habit, the subjects overrode the impedance controller’s natural dynamics in favor of 298 
an extended knee joint. Additionally, subjects relied primarily on the knee to ambulate up and down stairs; the 299 
ankle provided little torque and only rotated through approximately 30% of its range of motion. It is important 300 
to note that the OSL is capable of producing early-stance knee flexion and ankle power across all ambulation 301 
modes; however, the subjects exhibited compensatory movement based on their daily ambulation strategies 302 
with a passive prosthesis. We can overcome these compensatory motions through training (not shown), or by 303 
tuning the controller to recreate able-bodied kinematics and kinetics; however, that was not the goal of this 304 
demonstration. We chose to not train the patients to overcome their compensatory strategies because they 305 
needed to return to their daily-use prosthesis after the experiment; we had concerns that such training on the 306 
OSL might lead to a fall when they returned to their daily-use device, which did require compensatory 307 
strategies. Instead, we tuned the OSL to meet a set of clinical ambulation goals. Overall, our implementation 308 
succeeded in performing similarly to walking with the VPL Prosthesis using the same impedance controller38. 309 
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The OSL is capable of locomotion for extended periods of time. During level ground walking, the knee and 310 
ankle operate at 9.3 and 11.2 W, respectively, and the electronics operate at approximately 1 W. Given the 311 
energy in the batteries (34.2 Wh), a user could walk continuously for approximately 2.8 hours, 13.1 km, or 312 
8,750 strides (i.e., 17,500 total steps) on a single charge, assuming consistent power consumption, a walking 313 
speed of 1.3 m/s, and cadence of 104 steps/min22. The batteries lasted for the entire duration of our 314 
experiments (3 hours). On average, lower-limb amputees walk approximately 6,000 steps/day, and healthy 315 
able-bodied adults are considered active if they walk at least 10,000 steps/day51,52. Therefore, the OSL 316 
batteries have sufficient capacity for lab sessions and daily ambulation. 317 

Benchmarks and limitations. Prosthesis mass and size play a critical role in the success of prosthetic legs. 318 
Heavy prostheses require higher metabolic expenditure from the user53; this effect increases as the mass 319 
moves distally (i.e., towards the ankle). Additionally, as the build height of a prosthesis increases, fewer users 320 
can wear the leg; that is, if the prosthesis is too long, it will not fit below the residual limb. Therefore, it is 321 
critical to design lightweight and short prostheses. The OSL (~4000 g) is approximately 20% lighter than 322 
comparable prostheses, with the exception of the Utah Lightweight Leg32,33 (~2800 g) (Table 1). The 323 
minimum build height of the OSL (~450 mm) is also comparable to the build height of other prostheses. 324 
Finally, the OSL is lighter and shorter than the foot and shank of a 75 kg, 1.7m tall adult (Table 1). 325 

A limitation of the OSL is the ankle joint’s range of motion (Table 1). During most ambulation tasks, the 326 
biological ankle remains within 10º of dorsiflexion and 20º of plantarflexion, as in the OSL; however, some 327 
subjects require a range of motion of 45-60º during stair descent48,50. Many other prosthetic ankles have a 328 
range of motion of 45-65º. The OSL ankle’s 30º range of motion is limited by the kinematics of the four-bar 329 
linkage, and could be improved by decreasing the ankle’s transmission ratio or using a different transmission 330 
design (Fig. S1). However, amputees with passive prostheses can typically only achieve 10-15º during stair 331 
descent54; therefore, although the OSL ankle does not achieve the full biological range of motion, it provides a 332 
substantial improvement over passive prostheses. The OSL knee’s range of motion is equal to other prostheses 333 
(120º), and is much higher than needed for typical ambulation tasks (70-90º) (Table 1). 334 

Transmission ratios determine prosthesis size, electrical demands, efficiency, performance, and other factors. 335 
Using the high-torque drone motors, we reduced transmission ratios to 2-5 times lower than comparable 336 
prostheses (Table 1). The combination of high-torque motors and low transmission ratios enables the OSL to 337 
produce peak torques similar to other systems, while demonstrating higher bandwidth. For example, the 338 
OSL’s position bandwidth is approximately 5 times higher than the bandwidth of the biological knee or ankle; 339 
that is, the OSL is capable of recreating the human kinematics and kinetics (Table 1).The motors on the OSL 340 
have an overall winding-ambient thermal resistance of 3.9 K/W, compared to the 7.6 K/W thermal resistance 341 
of motors used in the CSEA Knee and VPL Prosthesis. In addition to being 1.3-2 times more electrically 342 
efficient than the CSEA and VPL knees, the OSL’s motors produce 2.5-4 times less heat at steady-state, for a 343 
given joint torque (Fig. S2). 344 

Summary and dissemination. In this paper, we present the design and mechanical, electrical, and thermal 345 
evaluation of an open-source robotic knee-ankle prosthesis, and demonstrate subjects walking with it across a 346 
range of activities, while providing controller parameters for reference. Future work includes advancement of 347 
the embedded systems, using the SEA for closed-loop torque control, and development of bio-inspired 348 
impedance control policies. 349 

Researchers have access to the OSL through our companion website: www.opensourceleg.com. The website 350 
includes solid model files, a bill of materials, links to suppliers, control system code, instructional guides, 351 
videos on assembly/disassembly, and any other relevant information to improve the usability of the OSL. 352 
Furthermore, we have developed an online forum to allow researchers to post questions, results, or 353 
independently developed modifications. We will also produce an open-source version of our high-level 354 
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controller that runs on a desktop or mobile device, providing researchers with a simple method of 355 
manually/automatically switching between ambulation modes and testing in non-steady-state conditions. 356 
Together, these tools will help researchers use the OSL and encourage a more collaborative community 357 
focused on transforming amputee quality of life. 358 

Materials and Methods 359 

Design: overview. To ensure that the OSL is accessible by researchers from diverse backgrounds (e.g., 360 
controls, biomechanics, clinical, etc.), we abided by the following design principles: 361 

1. Simple: the OSL does not use any precision machine components and can be assembled and 362 
disassembled with relative ease. 363 

2. Portable: the OSL weighs less than the biological counterpart, and each joint has an on-board 364 
battery, facilitating research outside of the laboratory. 365 

3. Scalable: the knee and ankle joints can operate independently, enabling research with both above- 366 
and below-knee amputees. 367 

4. Customizable: a number of features in the leg hardware are customizable, and may be needed by 368 
certain researchers, depending on type of study. 369 

5. Economical: the OSL costs approximately $10,000-$30,000 in prototype quantities, depending on 370 
degrees of freedom and sensing options, given today’s manufacturing and material costs. 371 

We designed the OSL through a multi-step design process which involved modeling human joint 372 
biomechanics, transmission kinematics, mechatronics (including motor electrical and thermal limitations), and 373 
the structural housing (Fig. 7). This was an iterative design process with the overall goal of achieving able-374 
bodied kinematics/kinetics while meeting the desired design principles, minimizing prosthesis mass/volume, 375 
and satisfying mechatronic constraints. 376 

 377 
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Figure 7 | Overview of the OSL design process. Able-bodied kinematics and kinetics provide load 378 
requirements, which are transmitted into motor kinematic (voltage) and kinetic (current) requirements. 379 
The final transmission, battery, and housing designs resulted from iterating to meet speed, torque, 380 
electrical, thermal, mass, and size constraints. 381 

 382 
Design: biomechanics. We began the design of the OSL by extracting the kinematic (e.g., angle, angular 383 
velocity, and angular acceleration) and kinetic (torque) trajectories of the knee and ankle joints from the 384 
literature. The data we used included walking at slow, self-selected, and fast speeds, in addition to stair 385 
ascent/descent, for 75 kg and 100 kg subjects48. 386 

Design: transmission. We simulated the transmission and motor requirements for each of the knee and ankle 387 
prostheses by incorporating the governing equations of SEAs and DC motors, and using the extracted 388 

biomechanical joint angles (𝜃௟) and torques (𝜏௟) as the desired load requirements22,55. The motor mechanical 389 
requirements for a given ambulation mode are: 390 

𝜃௠ ൌ ቀ𝜃௟ ൅
ఛ೗
௞ೞ
ቁ𝑁            (1) 391 

𝜏௠ ൌ 𝐽௠𝜃ሷ௠ ൅ ఛ೗
ఎே

            (2) 392 

where 𝜃௠, 𝜏௠, and 𝐽௠ are motor angle, torque, and inertia, respectively; 𝑁 and 𝜂 are transmission ratio and 393 

efficiency (assumed 𝜂 = 0.9 in each stage), respectively; and 𝑘௦ is the stiffness of the series elastic element. 394 
Using equations (1) and (2), we simulated a range of transmission ratios and stiffness values (including 395 
infinite stiffness for the non-SEA configuration) for each of the ambulation modes; these simulations helped 396 
determine the range of acceptable transmission ratios and series elastic elements (Fig. S3). Based on these 397 
simulations, we selected target transmission ratios of 49:1 and 40:1-100:1 for the knee and ankle, respectively. 398 

Timing belts serve as the primary torque transmission mechanism in the OSL; specifically, we chose the 399 
recently-developed PowerGrip GT3 (Stock Drive Products/Sterling Instrument, Hicksville, NY, USA) belts 400 
because they provide longer belt life, increased load-carrying capacity, and quieter operation relative to other 401 
available belts56. Our overall goal when selecting belt/pulley configurations was to minimize the volume of 402 
each stage while resisting tooth jump. Tooth jump typically occurs with high torques or low belt tensioning, 403 
and is highly dependent on transmission geometry (i.e., tooth profile, number of teeth of each pulley, number 404 
of teeth engaged, pulley center-to-center distance, and belt width); however, there is little data available 405 
addressing the relationship between transmission geometry and the torque that endangers tooth jump. Based 406 
on the manufacturer’s documentation, we calculated conservative estimates of tooth jump torque (per mm belt 407 
width) for 2, 3, and 5 mm pitch GT3 belts to be approximately 0.19, 0.66, and 2.4 Nm/mm, respectively56; we 408 
used these torques to specify the minimum acceptable belt width for each transmission stage. To select the 409 
final belt drive geometries, we performed an iterative design process, investigating overall transmission 410 
volume, number of belt stages, pitch of each belt stage, width of each stage, number of teeth engaged, ease of 411 
assembly, and availability of belt lengths and widths; this process resulted in a 2 mm pitch stage followed by 412 
two 5 mm stages in the knee, and two 3 mm stages in the ankle (Table S3). These belt drives were simulated 413 
to ensure that the torques at each stage would not lead to tooth jump during ambulation (Fig. S4). The pulleys 414 
were machined from either 7075-T6 Aluminum or 17-4 PH stainless steel using subtractive manufacturing, 415 
and the belts were purchased directly from the manufacturer. 416 

In addition to a two-stage belt drive, the ankle prosthesis incorporates a four-bar linkage mechanism for 417 
torque transmission. We included the four-bar linkage instead of a third belt stage to reduce the overall size of 418 
the prosthesis and directly couple motion of the linkage to motion of the ankle joint and foot. To design the 419 
linkage, we began by simulating the range of motion and transmission ratio of more than 3000 linkage 420 
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configurations. The simulation varied the lengths of the individual links, through integer values between 1 and 421 
10 units, and constrained the range of motion to a minimum of 20° angular distance between links to avoid 422 
singularities (Fig. S1). Using these simulations, we explored a subset of linkage configurations while iterating 423 
through different belt drive options, and selected the mechanism that provided the best combination of range 424 
of motion, transmission ratio, and size (Fig. S1, Table S3). Increasing the range of motion of the linkage 425 
requires increasing the transmission ratio and size of the belt drive; we chose to limit the range of motion to 426 
30° to reduce the overall size of the prosthesis. Unlike the knee, which has a constant transmission ratio, the 427 
addition of the four-bar linkage resulted in a kinematically-varying transmission ratio for the ankle (Fig. S5).  428 

Design: mechatronics. Given the mechanical requirements in equations (1) and (2), the brushed DC 429 
electromechanical model was used to determine the electrical demands: 430 

𝑖௠ ൌ ఛ೘
௞೟

             (3) 431 

𝑣௠ ൌ 𝑖௠𝑅௠ ൅ 𝑘௕𝜃ሶ௠ ൅ 𝐿௠
ௗ௜೘
ௗ௧

          (4) 432 

where 𝑖௠, 𝑣௠, 𝑅௠, and 𝐿௠ are motor current, voltage, phase resistance, and phase inductance, respectively; 𝑘௧ 433 

is the torque constant; and 𝑘௕ is the back-emf constant (equivalent to the magnitude of 𝑘௧ in SI units). The 434 
current and voltage represent the q-axis current and voltage of field oriented control, which enables the 435 
analogy of the brushed electromechanical model. Using equations (3) and (4), we simulated various motor-436 
battery combinations. Ultimately, the current and voltage demands (which are driven by the mechanical 437 
requirements) determined the overall mechanical design, power supply, and motor selection. 438 

We considered multiple motors for the OSL, including the 30 mm EC-4pole motor used in the CSEA and 439 
VPL knees (model: 305015, Maxon Motor, Sachseln, Switzerland) and a high-torque, exterior rotor motor 440 
(model: U8-16, T-motor, Nanchang, Jiangxi, China) that has shown promising results in other areas of 441 

robotics22,31,39,57–59. The T-motor’s motor constant 𝑘௠—which describes the motor’s ability to convert 442 
electrical energy to mechanical energy—is approximately 4 times higher than the EC-4pole’s motor constant 443 
(Table 1); that is, the EC-4pole motor loses approximately 16 times more power than the T-motor for a given 444 
motor torque (Fig. S2). However, since the EC-4pole motors are often coupled with larger transmission ratios, 445 
they do not have to produce the same amount of torque as the T-motor. Therefore, we simulated the T-motor 446 
with the OSL knee’s transmission ratio and the EC-4pole motor with the CSEA and VLP knees’ transmission 447 
ratios to estimate the motors’ electrical power losses within a prosthesis. After accounting for transmission 448 
ratio, the EC-4pole motor loses approximately 1.3-2 times more power to heat for a given knee torque, when 449 
compared to the T-motor (Fig. S2). 450 

Design: housing. The OSL housing features a clamshell-style design, in which two halves are fastened 451 
together to enclose the prosthesis components (Fig. 1). The clamshell housings—machined from 7075-T6 452 
Aluminum—serve multiple purposes: they simplify the assembly process, reduce pinch points, locate the 453 
shafts for the timing belt pulleys, and provide structural support for the OSL. The housings incorporate a 454 
system to properly tension the belt stages; appropriate belt tensioning ensures that the transmission achieves 455 
maximum torque capacity and prevents tooth jump under load. The housings also include mechanical hard 456 
stops to ensure that the OSL remains within a biomechanically-appropriate range of motion. All moving 457 
transmission components—except for the knee’s proximal pyramid and the ankle’s foot—are completely 458 
contained within the housing, preventing user injury and protecting the transmission from dirt and debris 459 
during testing in outdoor environments. The motors mount to the outside of the housings, allowing for 460 
convenient assembly, removal, and troubleshooting. Finally, the housings include space for batteries and 461 
electronics, creating a self-contained, portable prosthesis. 462 
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Benchtop testing. We performed several benchtop tests to quantify the OSL’s performance in both the time 463 
and frequency domains. We characterized position and current controller performance through step response 464 
and bandwidth tests, and tested the thermal response of the motor and prosthesis given a constant current 465 
input. A testing rig mechanically grounded the knee and ankle joints—and provided a reaction torque—during 466 
the current control tests; during the position control tests, the joints were free to rotate (Fig. S6). For these 467 
benchtop tests, we used a single-board computer (Table S1) to send the desired current and position 468 
trajectories (via USB at approximately 750 Hz) to the Dephy actuator, which subsequently performed low-469 
level feedback control (Fig. 2). We tested the knee and ankle separately, and did not test with series elasticity. 470 

We quantified the OSL’s ability to track desired position and current commands by conducting step response 471 
tests (Fig. 3). We commanded motor encoder steps corresponding to 5°, 10°, and 15° steps at the joint, starting 472 
from the midpoint of the range of motion; we also commanded current steps of 2 A, 4 A, and 6 A (peak phase 473 
current), corresponding to 0.8 A, 1.5 A, and 2.3 A of q-axis current, respectively. We performed 5 trials for 474 
each condition. 475 

To quantify the range of frequencies in which the OSL can track position and current commands, we 476 
performed frequency response tests (Fig. 3). The position trajectories were Gaussian white noise signals—3rd 477 
order, 40 Hz low-pass filtered—scaled to ± 5°, 10°, and 15° amplitudes, and centered at the midpoint of the 478 
range of motion; the current trajectories were also Gaussian white noise signals—3rd order, 200 Hz low-pass 479 
filtered—scaled to ± 0.8 A, 1.5 A, and 2.3 A amplitudes, and centered at 0 A. The position trials lasted for 15 480 
s whereas the current trials lasted for 60 s. We conducted 5 trials for each condition and constructed Bode 481 
plots using Blackman-Tukey spectral analysis, where the auto-spectrum and cross-spectrum are divided in the 482 
frequency domain60. Using the Bode plots, we calculated bandwidth as the frequency in which the magnitude 483 
crossed -3 dB. 484 

Although we did not use series elasticity in the benchtop and amputee experiments, we did characterize the 485 
stiffness of the elastic elements when included inside the knee output pulley (Fig. 1). We mounted the knee 486 
onto a six-axis load sensor (model: 45E15A4, JR3, Inc., Woodland, CA, USA) and manually rotated the knee 487 
from 0° to 15° and back. We performed 5 trials each for the following configurations: 0, 1, 2, 3, 4, 5, and 6 488 
springs. We also locked the input shaft to ensure that the knee’s rotation was due to spring deflection instead 489 
of belt drive motion. 490 

To test the thermal behavior of the OSL we supplied the motor with a constant current of 8 A across two 491 
winding leads for 70 minutes using a power supply (model: 1688B, B&K Precision Corp., Yorba Linda, CA, 492 
USA), and measured the resulting change in winding and housing temperature using a thermal imaging 493 
camera (model: ONE Pro LT, FLIR Systems, Inc., Wilsonville, OR, USA). The T-motor is delta wound, 494 
meaning when current is supplied between two leads, one phase has twice the current of the other two phases 495 
(Fig. 3). Consequently, we estimated winding temperature as the weighted average of the more and less 496 
powered windings. We subsequently modeled the thermal dynamics of the motor by simulating the equivalent 497 
electrical circuit (Fig. 3) in Simulink33,61. In this model, temperature and heat flow are analogous to voltage 498 

and current, respectively; heat flow is equivalent to the thermal power lost (𝑃௟௢௦௦) through the electrical 499 
resistance of the motor, which is a function of temperature: 500 

𝑃௟௢௦௦ ൌ 𝑖௠ଶ 𝑅௠ ൌ 𝑖௠ଶ 𝑅௠,஺ሺ1 ൅ 𝛼஼௨ሺ𝑇௪ െ 𝑇஺ሻሻ        (7) 501 

where 𝑅௠,஺ is the motor electrical resistance at ambient (room) temperature, 𝛼஼௨ is copper’s temperature 502 

coefficient of resistance, and 𝑇௪ and 𝑇஺ are winding and ambient temperature, respectively. We used the 503 
measured temperature data to calculate the motor’s optimal thermal parameters: winding-housing thermal 504 

resistance and capacitance (𝑅௧௛,௪ and 𝐶௧௛,௪), as well as housing-ambient thermal resistance and capacitance 505 

(𝑅௧௛,௛ and 𝐶௧௛,௛).  506 
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Clinical testing. To test the OSL’s capability to restore gait, and demonstrate control implementation on the 507 
hardware platform, we used a previously-developed control approach38. We implemented locomotion 508 
controllers for standing, level-ground walking, ramp ascent/descent, and stair ascent/descent using impedance 509 
control; the impedance parameters for each ambulation mode regulate the current to the knee and ankle 510 
motors based on the desired torque62. Within our tuning process, a finite state-machine divides all gait 511 
activities (except for standing) into four sub-phases: early-to-mid stance, late stance, swing flexion, and swing 512 
extension; simple logic based on mechanical sensors within the prosthesis (e.g., joint encoders, load sensor, 513 
etc.) enabled progression through the state-machine. The standing mode controller only uses two states; the 514 
first is relatively stiff to support the weight of the body when the prosthesis is in contact with the ground, and 515 
the second allows the leg to swing freely when it is not in contact with the ground. The desired motor current 516 

is determined by converting the desired joint torque 𝜏௝, into motor current: 517 

𝜏௝ ൌ െ𝑘௝൫𝜃௝ െ 𝜃଴௝൯ െ 𝑏௝𝜃ఫሶ            (8) 518 

where 𝑗 corresponds to the knee or ankle joint, 𝜃 is joint angle (positive values represent knee extension and 519 

ankle dorsiflexion), and 𝜃ሶ  is joint angular velocity. The three tunable impedance parameters for each joint are 520 

virtual stiffness 𝑘, virtual equilibrium angle 𝜃଴, and virtual damping coefficient 𝑏. The desired joint torque is 521 
converted to desired motor torque using the transmission ratio, and desired motor current is calculated using 522 
equation (3). 523 

For 60% of the states (across all ambulation modes), we hold impedance parameters at tuned, but constant 524 
values; for the remaining 40% of the states, we modulate the impedance parameters according to the 525 
following five control laws: (1) basing impedance parameters on values from the previous state; (2) 526 
mimicking biological joint responses (i.e., modifying joint impedance as a function of ankle angle); (3) 527 
modifying joint impedance as a function of knee angle; or allowing users to control the rate of power 528 
generation/dissipation (i.e., modifying joint impedance as a function of (4) decreasing or (5) increasing 529 
prosthesis load). We discuss each of these approaches in detail in our previous work38; these control strategies 530 
are used to reduce the number of independent parameters required to tune the prosthesis and improve 531 
transitions between different types of activities. This control scheme creates an overall system response that 532 
allows each subject to walk safely, comfortably, and confidently. For these clinical tests, we used an 533 
embedded microcontroller (Table S1) to perform high-level control (at approximately 40 Hz) and send the 534 
desired current trajectories to the DAP, which subsequently performed low-level feedback control; the 535 
microcontroller and DAP communicated via SPI (Fig. 2). 536 
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 690 
Supplementary Materials 691 

 692 
Figure S1 | Simulated range of motion and transmission ratio for various linkage configurations. 693 
Design of the linkage required a tradeoff between ankle range of motion and transmission ratio. Filled 694 
yellow circle denotes the linkage implemented in the ankle prosthesis. 695 

 696 
 697 

 698 

Figure S2 | Motor and prosthesis efficiency comparison. Comparison of the (top) T-motor and 699 
Maxon motor used in the CSEA and VPL, and of the (bottom) motors coupled to the transmission ratio 700 
used in their respective prostheses. a, Torque-current relationship. b, Electrical power loss (i2R) as a 701 
function of torque, assuming zero angular velocity. c, Ratio of the EC-4pole motor’s power loss to the 702 
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U8-16 motor’s power loss. d, Ratio of the EC-4pole motor’s temperature increase to the U8-16 703 
motor’s temperature increase. 704 
 705 

 706 
Figure S3 | Simulated motor speed-torque curves for the knee and ankle prostheses. a, 707 
Transmission ratio simulation in a non-SEA configuration for self-selected walking. b, SEA 708 
simulation with the OSL transmission ratios for self-selected walking. c, Ambulation mode simulation 709 
in a non-SEA configuration using the OSL transmission ratios. Shaded area denotes the continuous 710 
operating region. 711 
 712 

 713 
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Figure S4 | Simulated belt drive torques for the knee and ankle prostheses. The expected torques 714 
applied to the input pulleys of the belt drive stages are below the tooth jump torque across all the 715 
simulated ambulation modes. 716 

 717 

 718 
Figure S5 | Ankle transmission ratio throughout the range of motion. 719 

 720 
 721 

 722 
Figure S6 | Benchtop testing setup. a, Knee position controller testing—knee joint is free to rotate. b, 723 
Knee current controller and thermal response testing. c, Ankle position controller testing—ankle joint 724 
is free to rotate. d, Ankle current controller testing. 725 
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Table S1 | Hardware model information. 727 
 728 

Item Model Company Location 

Motor U8-16  T-motor Nanchang, Jiangxi, China 

Batteries 25087X2 Venom Power Rathdrum, ID, USA 
Temperature Sensor MCP9700A Microchip Technology Inc. Chandler, AZ, USA 

IMU MPU-9250 InvenSense San Jose, CA, USA 
Motor Encoder AS5047P ams AG Premstaetten, Austria 
Joint Encoder AK7452 Asahi Kasei Microdevices Corporation Tokyo, Japan 
Load Sensor M3564F Sunrise Instruments Nanning, China 

Single-board Computer Raspberry Pi 3 Raspberry Pi Foundation Cambridge, UK 
Embedded Microcontroller DM3730  Texas Instruments Dallas, TX, USA 
 729 
 730 
 731 

Table S2 | Subject characteristics. 732 
 733 

Subject Gender 
Age 

(years) 

Time Post- 
amputation 

(years) 
Etiology 

Weight 
(kg) 

Height 
(m) 

Mobility 
Level 

Prescribed 
Knee 

Prosthesis 
TF1 F 51 29 Traumatic 61.7 1.65 K3 Rheo 

TF2 M 33 2 Sarcoma 63.1 1.77 K3 Genium 
TF3 M 70 44 Traumatic 86.2 1.75 K3 C-Leg 

 734 
 735 
 736 

Table S3 | Transmission specifications. 737 
 738 

Knee Ankle 
    Stage 1 Stage 2 Stage 3   Stage 1 Stage 2 Stage 3 

B
el

t 
D

ri
ve

 

Pitch (mm) 2 5 5   3 3 - 
Input Pulley Teeth 16 14 14   17 17 - 
Output Pulley Teeth 80 40 48   60 60 - 
Transmission Ratio 5.00 2.86 3.43   3.53 3.53 - 
Belt Teeth 92 50 60   72 72 - 
Belt Width (mm) 30 15 45   9 21 - 

L
in

k
ag

e 

Crank Length (mm) - - -   - - 2 
Coupler Length (mm) - - -   - - 10 
Rocker Length (mm) - - -   - - 7 
Frame Length (mm) - - -   - - 10 
Transmission Ratio - - -   - - 3.44-8.75 
Range of Motion (°) - - -   - - 30.54 

 739 
 740 
 741 
  742 
  743 
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Movie S1 | Thermal response to a constant current input of 8 A DC across two winding leads. 744 


