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Supplementary Methods

Analytical Model of the Torque-Sensitive Actuator 
The torque ratio () of a linear-to-rotary transmission system is defined as the ratio between the output torque () and the input force () generated by the motor driving the linear actuator. Because the torque ratio determines the motor torque for a given application, the performance of an actuator depends on its torque ratio. As we will show, in the torque-adaptive non-linear elastic actuator, the torque ratio depends on both the output joint position and the output torque. Thus, we need a model of the torque ratio as a function of kinematic and elastic parameters to optimize the actuator's performance for the knee module.
The kinematics of the proposed actuation system consist of two closed kinematic chains (Figure S1) acting in parallel. The first kinematic chain comprises five joints in closed configuration () creating a five-bar mechanism with two degrees of freedom. The second kinematic chain also comprises five joints in closed configuration () creating another five-bar mechanism with two degrees of freedom. In the proposed actuation system,  is the output joint of the actuator, is the input joint of the actuator, and  is a torque-sensitive joint, whose position changes the relationship between the input joint  and output joint . The position of the torque-sensitive joint  is regulated by the second kinematic chain with a prismatic joint , leading to a torque- and position-dependent torque ratio.
To find the torque ratio, we first find the relationship between the position of the output joint () and the position of the input joint () as a function of the position of the torque-sensitive joint (). Then, we analyze the relationship between the two parallel kinematic chains to find the position of the torque-sensitive joint () as a function of the position of the passively actuated joint (). In the following paragraphs, trigonometric functions sin(x), cos(x), and tan(x) are abbreviated as , , and , respectively.
We start from the analysis for the first kinematic chain (). For a given position of the torque-sensitive joint (), we can obtain the relationship between the position of the input joint () and the position of the output joint () by imposing that the  distance equals the fixed link length () as shown in (1). Using the joint  as the origin of the coordinate system (O), the position of  can be defined as a function of the position of the torque-sensitive joint  () and its angle with respect to the x-axis (). Similarly, the position of A can be defined as a function of the position of the input joint () and the output joint (). 
	(1)
Where    and  
By solving (1) for , we find the position of the input joint () as a function of the position of the output joint () and the position of the torque-sensitive joint ).
	(2)
From (2), we find the position of the output joint () as a function of the position of the input joint () and the position of the torque-sensitive joint ), as shown in (3). 
	(3)
Focusing on the second kinematic chain (), we find the relationship between the position of the torque-sensitive joint ) and the position of the passively actuated joint (), as shown in (4). 
	(4)
Finally, by combining (3) and (4), we can find the position of the output joint () as a function of the position of the input joint () and the position of the passively actuated joint ), as shown in (5). 
	(5)
where  .

[bookmark: _Hlk65079188]Starting from the kinematic model, we perform a free-body-diagram analysis (Figure S2) to determine the torque ratio (). To this end, we first find the torque ratio () as a function of the position of the passively actuated joint () and the output joint (). Then, we model the relationship between the position of the passively actuated joint () and the output torque () as a function of the stiffness (), rest length (), and preload  of the spring. Finally, we combine these two relationships to relate the torque ratio () to the output position () and torque (). In the following analysis, we define action ) and reaction forces () so that, . 
Focusing on the input joint (, we see that the input force  is in line with the prismatic joint  (Figure S2(b)). This input force is balanced by a reaction force ( perpendicular to the direction of the prismatic joint  and a reaction force () in line with the connecting bar, leading to the force equilibrium shown in (6). 
	(6)
The connecting bar acts as a two-force body, due to the revolute joints  and  (Figure S2(c)). Thus, the action force of the connecting bar () depends on the relative orientation between of the bar segment  and , as shown in (7).
	(7)
Where  is the angle of the connecting bar with respect to the reference frame  (Figure S1(b)), which is defined in (8). 
	(8)
    Where  
The action of the connecting bar ( is balanced by a reaction force () perpendicular to the prismatic joint  as well as the reaction force () generated by the tension spring (Figure S2(d)). Moreover, if the prismatic joint  contacts the mechanical end stop at the end of its range of motion, a reaction force (, longitudinal to the prismatic joint , is also present. This force balance is shown in (9) and in Figure S2(d).
     	(9)
The forces generated by the spring (), the prismatic joint  () and mechanical end stops () are balanced by a torque at the output joint () (Figure S2(e)). Because  is in line with  (Figure S2 (f)), the force balance can be simplified as shown in (10).
	(10)
By substituting (9) and (10), we find equation (11) relating the connecting bar force () to the output torque ().
 	  (11)
By combining (7) and (8), we find  as a function of  Then, by plugging this relationship in (11), we obtain the ratio between the output torque () and the input force () (i.e., the torque ratio ()), as shown in (12).
	(12)
It is important to note that the angle  and distance  depend directly on the position of the torque-sensitive joint , and consequently of the passively actuated joint , as shown in (13). The torque ratio thus depends on the position of the output joint  and passively actuated joint ().
         (13)
By combining (12) and (13), we obtain the torque ratio as a function of the position of the passively actuated joint (. 
The free-body diagram analysis (Figure S2(d)) shows that the position of the passively actuated joint (), depends on the force equilibrium. In other terms, the position of the passively actuated joint () depends on the force acting on the spring actuating it (), which, in turn, depends on the output torque. Thus, the torque ratio depends on the output torque. To solve this force equilibrium, we need to find the relationship between the spring force () and the position of the passively actuated joint (). As shown in Figure S2 (e), the spring force () is in line with the prismatic joint  and depends on the stiffness (), the rest length, and the preload  as shown in (14). 
	(14)
Combining (14) and (9), we obtain the force balance shown in (15), which defines the forces perpendicular () and longitudinal () to the prismatic joint  as a function of  and .
	(15)
	(16)
When the torque-sensitive joint  does not rest on the mechanical end-stops, the longitudinal force  = 0. We combine (11) and (16) to find the output torque as a function of , as shown in (17). We can then finally find how the torque ratio changes as a function of the output torque.
 	(17)
Because the position of the torque-sensitive joint () depends on the position of the passively actuated joint (), the torque ratio () changes as a function of the position of both the output joint () and the passively actuated joint (). As shown in (14), the position of the passively actuated joint ) depends on the spring force (), which in turn depends on the torque on the output joint (). As a result, the torque ratio depends on the output torque. When the actuation system is under a certain load (i.e., input force and output torque are non-zero), the spring in the passively actuated joint () extends. The spring extension causes the torque-sensitive joint () to move, increasing the moment arm of the force acting on the connecting bar () with respect to the output joint (). Thus, under certain conditions, the torque ratio increases with the torque on the output joint. 
The speed ratio  between the speed of the input and output joints depends on the position and velocity of the output joint   and the passively actuated joint . Due to the presence of an elastic element, the torque ratio and the speed ratio are not inversely correlated as with fixed transmission systems.

Analytical Model of the Compliant Underactuated Mechanism
The kinematics of the proposed actuation system comprises five joints in closed configuration () creating a five-bar mechanism with two degrees of freedom. As shown in Figure S3(a), the prismatic joint  is actuated by a linear series-elastic actuator concurrently generating torque at the ankle () and the toe joint (). 

We start with the kinematic analysis of the closed kinematic chain, relating the linear movement of the input joint  to the rotational movements of the output ankle joint  and toe joint  . We define  and  as the respective lengths of the ankle and toe crank arm, and  as the angle of the ankle crank arm. Using the ankle joint  as the origin of the coordinate system (point O), we calculate the co-ordinate of the points A, B, and C, which coincide with the joints ,  and , respectively (Figure S3(a-b)). 







The position of the input joint  can then be calculated as the distance between points A and C
  


We define the relative angles  and  between the input slider and the ankle and toe crank arm, respectively. These relative angles relate the input force  to the output moments   and   at the ankle and toe joints (Figure S3(c-e)).

  

  

 

The movement of the prismatic joint  with respect to joint  (i.e., the linear travel of the actuator) is the combination of the movement due to the driving motor and the movement due to the deflection of the series spring , which is proportional to the input force .


Dynamic simulation framework
We developed a dynamic simulation framework to optimize the proposed actuation schemes for both the knee and ankle/foot modules. The simulation framework includes an electro-mechanical model of a DC motor driving the linear input joint through a primary gear transmission and a ballscrew, which is a common configuration for powered prostheses. The motor speed () and motor torque () are defined as shown in (1) and (2), respectively, where  is the transmission efficiency, and  and  denote the combined inertial and viscous effects of the motor and transmission. This model is commonly used in the wearable robotics field and has been previously validated (56, 57).
	(1)
	(2)
The proposed simulation framework uses a brute force optimization approach. Starting from the desired output joint torque and speed profiles for the knee and ankle joints, the framework explores all possible configurations (e.g., geometric parameters, spring characteristics, transmission components) within a defined parameter space. For each possible configuration, the simulation framework computes the required motor torque, speed, voltage and current, while also estimating the electrical energy consumption. The result of each configuration is then checked against two key limitations related to the function of the DC motor. The first check is against the winding voltage limit. This limit depends on the voltage of the power supply and results in a hard limit for the instantaneous motor torque/speed. The second check is against the maximum continuous motor current. The maximum continuous current depends on the ability of the motor to dissipate heat, which is due to Joule heating and, to a lesser extent, the mechanical friction.
The simulation framework also computes the loads on all the actuation components, which is useful for structural analysis and component selection. Additional constraints on the maximum load on each component can be added to the simulation framework. Configurations that satisfy the imposed constraints are then stored in a solution library, from which an optimized configuration can be obtained by sorting the solution library through certain objectives, such as electrical energy consumption or load on certain components. The pseudo-code of this framework is shown in Table S1.
A brute force, numerical optimization approach was used in place of a more formal analytical optimization algorithm to enable the robot designer to fully assess the design space and introduce ad-hoc constraints such as those due to practical considerations related to off-the-shelf mechanical component selection. Similarly, alternative near-optimal configurations can be quickly evaluated, should the optimized configuration result in some practical issues related to the manufacturing of custom components during later stages of development. Optimal parameters for the knee and ankle/foot modules are presented in Tables S2 and S3, respectively.
Finite Element Analysis 
We use the loading requirements from ISO 10328 (structural testing of lower-limb prostheses) to guide the design of the main structural components of both the knee and ankle/foot module. We perform finite element analysis (Solidworks Static Simulation Package) against the requirements outlined in ISO 10328 for ultimate static loading. Two loading conditions are concerned within the principal test of ISO 10328. Condition I (heel load) simulates the requirement of heel strike, and condition II (toe load) simulates the loading near the end of stance phase. We setup the simulation environment with the same loading magnitudes and offsets specified for level P6 (average prosthesis use for 125 kg user). Consequently, for condition I, the structural frame is required to withstand a load of 4800 N that runs from the front of the knee module to the back of the ankle/foot module. For condition II, the structural frame is required to withstand a load of 4425 N that runs from the front of the knee module to the front of the ankle/foot module. The setup and results of the analysis are shown in Figure S6.
Extended description on quantifying thermal performance
To quantify the thermal performance of the prosthesis, we commanded a fixed current (equal to the nominal level specified in the motor datasheet) to each of the two modules, while its output joint was fixed to a frame. We recorded the temperature using a thermocouple (Mouser 410-315) positioned on the external surface of the prosthesis frame in proximity with the motor. The output of the thermocouple was calibrated and verified against a thermal camera (FLIR one) The measured temperature data over time was then fitted to a parametric thermal model (as detailed in (35)). We then used this fitted model to estimate the steady-state increase in temperature under nominal current , and identify the thermal resistance  and thermal time constant  of the combined motor-frame system. The identified thermal properties were then used to calculate the maximum allowable current  for continuous operation (35). The nominal thermal properties and continuous current limit of the motor alone, as well as those of the combined motor-frame system of our robots are summarized in Table S4.

Extended Description of the Mechatronics Implementation
The proposed torque-sensitive actuator powers a compact, lightweight, and efficient powered knee prosthesis. The torque-sensitive actuator is fully integrated in a 7075-T6 aluminum frame, which provides structural support, protection for the mechanics and electronics, and works as a heat sink to improve the continuous motor torque. The prosthesis actuator is composed of a brushless DC motor (Maxon EC-22 4-Pole, 120W), a helical gear pair (12:30 ratio, Boston Gear H2430R and H2412L), and a ball screw and nut (Ewellix 12x2R SD). A double-row ball bearing (Schaeffler ZKLN0624-2RS-XL) supports the axial load on the ball screw, while two miniaturized linear guides (Misumi SSEB) support the radial forces. Passive degrees of freedom between the actuation and the frame allow for self-alignment of the actuation system. The actuator transmits forces to the torque-sensitive joint through two parallel bars, which are joined by a steel shaft. The steel shaft slides on dry bushings (IGUS ZFM-1416-12) in two parallel slots in the top knee structure, which limit the torque-sensitive joint to 13-mm range of motion. The steel shaft also connects the spring-actuated joint, which is implemented using a tension coil spring (35.5 N/mm spring rate, 42.7 mm rest length, 142.34 N preloading, and 7.87 mm maximum elastic elongation, Century Spring 6056CS). The top knee structure connects to the user’s socket with a titanium male pyramid adapter. The main knee joint is machined from hardened steel and uses drawn cup needle roller bearings (NTN HMK1510). Mechanical end-stops limit the range of motion of the knee joint to 0°-120°. The knee module is designed to withstand ISO 10328 standard. By leveraging the torque sensitive actuator, the proposed powered knee prosthesis can match the weight and size of state-of-the-art microprocessor-controlled prostheses while providing physiological knee torque and velocity during ambulation.
The proposed compliant underactuated mechanism powers a lightweight ankle foot prosthesis through a linear series-elastic actuator. The proposed ankle/foot prosthesis uses a structural carbon-fiber foot shell taken from a commercially available microprocessor-controlled ankle/foot prosthesis (Ottobock Meridium). Custom shank and toe frames are machined out of 7075-T6 aluminum to provide structural support. The linear series-elastic actuator comprises a brushless DC motor (Maxon EC-30 4-Pole, 200 Watts), a ballscrew and nut assembly (Ewellix 12x2R SD) with a double-row ball bearing (Schaeffler ZKLN0619-2RS-XL), and a custom gearbox based on helical and bevel gears. The ballscrew is located inside the foot shell, whereas the brushless DC motor is located inside the shank frame. The custom gearbox enables the DC motor to remain in a fixed position with respect to the shank frame while the ankle and toe joint move, and the ballscrew pivots. To achieve this result, the motor shaft transfers power to a set of three bevel gears (Boston Gear SH302-P, SH302-G) through a helical gear pair (8:24 ratio, Boston Gear H2424R and H2408L). The first bevel gear is coaxial and directly connected to the output helical gears. The second bevel gear spins freely and is coaxial with the pivot joint. The third bevel gear is coaxial to the ball screw axis of rotation and completes power transfer through the gear train, transferring power to the ball screw. The ball screw nut transmits forces to a modified spring (McMaster 1804N217). Custom machined adapters are threaded into both ends of the spring, constraining the spring to the ball screw nut on one side and the toe shaft on the other, and allowing both tension and compression forces. The spring transmits forces to a shaft on the toe structure (R3) which has an offset from the toe joint (R4), and a shaft on the shank structure (R2) which has an offset from the ankle joint (R1), providing a simultaneous torque to both the toe and ankle joints. The rotational joints in the toe (R3), as well as the main ankle joint (R2), use hardened steel shafts and dry bushings (IGUS GFM-1011-10, IGUS GFM-1516-15). The ankle has a full range-of-motion of 40 degrees (20 in dorsiflexion and 20 in plantarflexion). The toe has a full range-of-motion of 45 degrees. The shank frame connects to a custom instrumented pyramid adapter that works as a ground rection force sensor. All the components of the ankle/foot module are designed and selected to withstand ISO 10328 standard. 
The ankle and knee module feature independent custom embedded electronics and power supply systems. The rendering in Figure S7.A shows the placement of the embedded electronics component and battery system in the robotic leg prosthesis. Pictures of the some of the custom electronics boards are shown in Figure S7.B. A schematic diagram of the embedded and sensory system, including the digital protocols used to communicate between different boards, is shown in Figure S7.A. The knee module has three main electronic boards, a frontend electronics, a power electronics, and a motherboard. The motherboard uses a 32-bit microcontroller (PIC32MK0512MCF100) to execute control algorithms and features an embedded inertial measurement unit (Bosch BMX160). The motherboard communicates the desired motor current to the power electronics, which feature a high-performance current driver (Elmo Gold Twitter 80/80SE) and motor chokes, using pulse-width modulation. The motherboard also communicates with the frontend electronics using series peripheral interface (SPI). The frontend electronics features a 32-bit microcontroller (PIC32MK0512MCF100) and a high-resolution analog to digital converter (Analog Devices AD7906), which is used for additional sensors such as electromyography. The microcontroller in frontend electronics handles data processing of all knee sensors, including the digital encoders in the knee joint and torque-sensitive joint (AMS AS5047U), an inertial measurement unit (Bosch BMX 160). The knee contains a 6-cell 1200 mAh lithium-ion batteries (Keeppower 18350). The knee motherboard can be equipped with an optional embedded computer (Raspberry Pi 3+ compute module), which is used to communicate via Wi-Fi to an external laptop using a graphical user interface for data telemetry. The embedded computer can save data on a MicroSD card. When these functions are not needed, the embedded computer and Wi-Fi transmitter can be removed to minimize electrical power consumption. 
The embedded system of the ankle module has two processing electronic boards and one power electronic board. The first processing electronic board contains a microcontroller (PIC32MK0512MCF100) and an analog to digital converter (Analog Devices AD7906). This board runs control algorithms, sends the desired motor current commands to the power electronic board through pulse-width modulation, and communicates with the second electronic board using serial peripheral interface. The second processing electronic board uses a 32-bit microcontroller (PIC32MK0512MCF100) to communicate and processes data from the ankle/foot sensors, including the encoders for the ankle and toe joints (AMS AS5047U), the inertial measurement units mounted on the shank and foot frames (Bosch BMX160), and the custom ground reaction force sensor (Texas Instruments ADS8887). The power electronic board features a motor driver (Elmo Gold Twitter 80/80SE) and motor chokes. The ankle contains a 6-cell 1200 mAh lithium-ion battery similar to the knee, as well as voltage conversion electronics for both 5 Volt and 3.3 Volt buses. When used in combination, the knee and ankle modules communicate using serial peripheral interface. This communication line runs inside the pylon, passing through the both the ankle and knee pyramid adapters. As a result of this arrangement there are no electrical wired or boards exposed. 

[bookmark: _Hlk108023987][bookmark: _Hlk108024813]Extended description on offline processing of subject ambulation tests
Data from on-board sensors of the device was processed off-line to estimate joint kinematics/kinetics, as well as actuator performance and battery life. Encoder signals (joint/motor angle, spring deflection) and their derivatives (velocity/acceleration), as well as commanded joint torques were zero-phase filtered with a second-order Butterworth filter with a cut-off frequency of 7 Hz.  
For both the knee and ankle modules, we calculated the joint’s mechanical power  as the product of joint torque  and joint velocity . The joint torques  experienced by the amputee subjects were estimated using a model that combines the open-loop commanded joint torque  and the passive characteristics of each module’s passive characteristics (i.e., static friction , viscous friction , and inertia ). The passive characteristics of each module were estimated with data from the backdriving benchtop tests.
 	(1)
             (2)
For the torque-sensitive spring at the knee module and the series elastic spring at the ankle module, the spring’s mechanical power was estimated as a function of spring force  and spring linear velocity. The spring force F was estimated as the product of the stiffness k and the deformation 
 	(3)
	(4)
Similarly, the motor mechanical power  was estimated as the product of motor torque  and motor velocity . Motor torque was estimated using the commanded joint torque, as well as the torque ratio RR and the equivalent reflected inertia
 	(5)
	(6)
The motor electrical power  was estimated as the sum of its mechanical power  and Joule loss power. Joule loss was estimated using the motor torque, as well as its torque constant  and phase resistance 
 	(7)
                   (8)
The total required electrical power from the battery  was estimated as the sum of the required motor electrical power  and the power of the computing electronics 
 (9)
Both mechanical, electrical energy, and heat losses (E) were obtained by integrating the corresponding power terms (P) over the duration of each stride (.
       (10)


Supplementary Discussion
Additional Considerations About the Holistic Design Approach
In isolation, the knee module using the offset slider-crank kinematics results in heavier and less efficient design than using an inverted slider-crank because it requires additional linear guides connecting bars, and passive joints for self-alignment. However, the offset-slider crank allows the motor to remain in a fixed position with respect to the knee frame. So, the whole knee frame can be made more compact and lighter. Also, the motor can be placed in direct contact with the frame, which then works as a heat sink. In turn, using the frame as a heat sink allows doubling the continuous torque and power the motor can provide. So, in isolation, the offset-slider crank is not ideal but when the interaction with the motor and frame is considered, it becomes obvious that it is a key design element, allowing for the highest torque density and lowest weight in the field. 
Similarly, in isolation, the proposed three-stage ankle gearbox is suboptimal in terms of mass and efficiency. However, it allows placing the motor with a fixed position inside the shank frame. Because the motor in in direct contact with the shank frame, the frame works as a heat sink to improve heat dissipation, ultimately allowing for higher motor current and torque to be generated without overheating. Because the motor does not pivot as the ankle joint moves, the space inside the shank frame can be more efficiently used resulting in an overall smaller design. 
The dimension requirements were obtained from the Ottobock C-leg and Meridium. Satisfying these stringent dimensional requirements came at the cost of efficiency. For example, placing the crank in the back rather than in front of the linear actuator would have improved the function of the torque-sensitive system at the cost of a substantially larger distance between the pyramid and the knee joint. Moreover, it would have made it virtually impossible to have the whole actuation system completely enclosed by the frame, which is an essential safety requirement for home use. 
Reverse engineering of these two commercially available prostheses also determined the selection of all the shafts with related bushings and bearings. Ball screws were selected because of the high-power density and efficiency. Using a roller screw would have been preferable but were not integrated into the design because the lead time during the pandemic was a problem. 
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Figure S1: Kinematic diagram of the torque-sensitive actuator. The proposed actuator is based on two closed kinematic chains acting in parallel (a-b), resulting in a two-degrees-of-freedom mechanism (c-d).
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Figure S2: The torque ratio (torque at the output () divided by the force at the input ()) is found by performing a free-body diagram analysis of the proposed mechanism (a), including the input slider joint (b), the connecting bar (c), the tuning joint (d), the passively actuated joint (e), and the output joint (f).





[image: ]
Figure S3: Kinematics and kinetics of the underactuated ankle and toe mechanism. The proposed mechanism can be represented as a closed kinematic chain (a). The linear movement of the input prismatic joint  is directly related to the output rotations  and  of the ankle joint   and toe joint , respectively (b). A free-body diagram analysis of the proposed mechanism relates the series elastic actuator force  to torques at both the ankle joint () and toe joint ()(c-e).  
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Figure S4: Simulated motor torque and speed of the knee module during walking and stairs ascent. Motor torque and speed profiles are shown over the gait cycle of walking (a, b), as well as stair ascent (c, d). In (e), motor torque-speed curves are shown along with non-feasible operating regions (imposed by the motor’s winding limit with a 6-cell battery as the power source). 
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Figure S5: Simulated motor torque and speed of the ankle/foot module during walking. Motor torque and speed profiles are shown over the gait cycle (a,b). In (c), motor torque-speed curves are shown along with non-feasible operating regions (imposed by the motor’s winding limit with a 6-cell battery as the power source). 
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Figure S6: Finite element analysis results of main structural components. The analysis is setup in accordance with ISO 10328 for both loading condition I (a) and loading condition II (b). The result of the finite element analysis indicates a minimum factor of safety of 1.24 for loading condition I (b, c) and 1.1 for loading condition II (e, f). For loading condition I, the regions of lower factor of safety are concentrated on the top of the knee module and near the toe joint of the ankle/foot module. For loading condition II, the regions of low factor of safety are concentrated on the bottom of the knee module and the custom force/torque sensor.
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Figure S7. Overview of the embedded eletronics hardware 
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Figure S8. Overview of the embedded system architecture.  
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[bookmark: _Ref90641046]Figure S9.  Mechanical power distribution of the ankle/foot module in walking and knee modules in stair ascent, across three amputee subjects. 
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Figure S10.  Joint kinematics, kinetics and actuator performance of the ankle/foot module recorded with an amputee subject walking in standard mode under two conditions (toe joint locked and unlocked). (A)  Position and torque profiles of the ankle and toe joints. Colored lines denote mean values across 10 strides. Shaded areas in grey denote nonamputee biomechanical reference. (B) Mechanical energy at the ankle joint (calculated using measured torque and ankle position data). (C) Motor peak velocity, peak required mechanical power and electrical battery required per step.
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Figure S11.  Setup for online measurement of battery current and voltage. (A) Modified power source of the device, which has the knee and ankle battery sets connected in series, as well as custom electronics containing a 2 mcurrent sense resistor connected to a current sense amplifier (TSC2012HYDT, ST Microelectronics) and a voltage sensor (AD7609, Analog Devices). (B) Picture of an amputee with the modified power source, which is housed inside a redesigned calf cover of the knee module.
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[bookmark: _Hlk108534671]Figure S12. Joint kinematics, joint kinetics and measured battery power and energy recorded with an amputee subject walking in standard and energy-saving modes. Colored lines denote mean values across 10 strides. Shaded areas in grey denote nonamputee biomechanical reference, and shaded areas in purple denote passive prosthesis reference. 
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Figure S13.  Battery voltage recorded with an amputee subject walking in standard and energy-saving modes. Two sets of walking are performed for both standard and power-saver modes. Yellow lines denote voltage trends.
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Figure S14.  Torque and position control schemes. The closed-loop position controller for the knee module (A), and the ankle/foot module (B). The open-loop torque controller of the knee module (C), and the ankle/foot module (D). 
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[bookmark: _Ref90970753]Figure S15. High-level control architecture.
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Figure S16: Benchtop setups constructed to perform position and torque step response. We set the knee module in a partially constrained condition for position step response (A), set the knee module in fully constrained condition for torque step response (B), set the ankle/foot module in partially constrained condition for position step response (C), and set the ankle/foot module in fully constrained condition for torque step response (D, E). 


TABLE S1 
Pseudocode of the Brute Force Simulation Program
function main()
   [T, θ] = extract_biomechanics()  // Import biomechanics data
   Define Constraints                      // Winding and thermal limits, etc.
   Define Objectives                       // Efficiency, load on transmission, etc.
   ConfigList = generate_config()
   GoodConfig = []                         // Initialize empty array of solutions
   /* Iterate through the whole configuration space to find configurations that satisfy design constraints*/
   for i =1:length (ConfigList)
              If (Design_Knee_Module) //Optimization of Knee Module
 	            for j =1: length(T)
	                 // Find the position of the torque-senstitive joint 
		   δ_2[j] = find_δ_2(ConfigList[i], T[j], θ[j])
                                // Solve for motor performance and other useful metrics
	                  [T_m[j], θ_dot_m[j], Other_Info] = solve_knee(δ_2, ConfigList[i], T[j], θ[j])
 	            end	            
              Elseif (Design_Ankle_Module) //Optimization of Ankle/Foot Module
	            for j =1: length(T)
                                // Solve for motor performance and other useful metrics
	                  [T_m[j], θ_dot_m[j], Other_Info] = solve_ankle(ConfigList[i], T[j], θ[j])
 	            end
              end
	   // Check if this configuration meets constraints
	   Pass = check(Constraints, T_m, θ_dot_m, Other_Info)
               // If constraints are met, then save to good configurations list
              If (Pass)
	           GoodConfig.append(ConfigList[i], T_m, θ_dot_m, Other_Info)
              end
   end
   //Sort through good configurations, return optimality
   OptimizedConfig = optimize(Objectives, GoodConfig)
   return OptimizedConfig
end
function find_δ_2(Config, T[j], θ[j])  //Subfunction to solve for δ_2
               //First check whether Pivot B is at either end-stop
               //and the reaction force F_ES is present
   if (F_ES@ (Config, T[j], θ[j]), δ_(2,l)) ≥0)
	    δ_2 = δ_(2,l)
   else if (F_ES@ (Config, T[j], θ[j]), δ_(2,h)) ≤0)
	    δ_2 = δ_(2,h)
                // Pivot B is not at end-stop with T[j], θ[j]
               //numerically, find δ_2 that makes F_ES≈0 
   else
	   find 				δ_2
	   to minimize	|F_ES |
	   subject to        δ_2 ∈ (δ_(2,l), δ_(2,h))
   end
   return  δ_2
end


Vertical lines are optional in tables. Statements that serve as captions for the entire table do not need footnote letters. 
aGaussian units are the same as cg emu for magnetostatics; Mx = maxwell, G = gauss, Oe = oersted; Wb = weber, V = volt, s = second, T = tesla, m = meter, A = ampere, J = joule, kg = kilogram, H = henry.









TABLE S2: Optimized Parameters
 for the knee module
Symbol
Value

22 mm

35 mm

150 N
k
35 N/mm

-5 mm

-22 mm
B
107 mm
E
35 mm
D
-16 mm

275°
Lead
2 mm
Gear ratio
2.5




TABLE S3: Optimized Parameters 
for the ankle/foot module
Symbol
Value

50 mm

14 mm

-117 mm

-59.1 mm

860 N/mm

166.5°
Lead
2 mm
Gear ratio
3.5


Table S4. Thermal quantification test results 
Constant
Knee motor only
Knee motor and frame
Ankle/Foot motor only
Ankle/Foot motor and frame

64.7
11.7
43.7
23.6

936
1250
1180
1630

10.7
1.9
7.4
4.0

4.2
9.9
7.6
10.3










Table S5. Participant demographic information.
Subject
Age [yrs]
Sex
Height [m]
Weight [kg]
Amputation Side
Prescribed Knee
Prescribed Ankle
Years since Amputation
S1
29
Male
1.78
65
Right
Plie
AllPro
8
S2
32
Female
1.60
59
Left
Plie
AllPro
12
S3
40
Male
1.91
91
Left
Plie
Soleus
35
Mean± STD
34 ± 6
N.A.
1.76 ± 0.16
72 ± 14
N.A.
N.A.
N.A.
18 ± 15










[bookmark: _Ref117507615][bookmark: _Ref94625597]Table S6. Clinically Relevant Goal and Metrics

Goal
Metric
Walking
Stair Ascent 
Stair Descent
Controlled weight acceptance
Knee angle at heel strike (°)
9.3 (7.0)*
71.8 (69.1)
15.4 (16.6)

Ankle early stance PF (°)
2.8 (3.8)
8.1 (12.7)
NA

Maximum Stance Knee Flexion (°)
13.7 (19.2)
NA
NA





Ambulation at Desired Speed
Ankle Pushoff Time (%)
60.9 (66.0)
72.5 (67.0)
NA

Knee Swing Extension Time (%)
70.7 (72.3)
82.4 (83.8)
62.4(63.9)





Appropriate Torque for Support and Propulsion
Knee Maximum Extension Torque in Stance (Nm/kg)
0.33 (0.4)
1.08 (1.09)
1.05 (1.34)

Ankle Pushoff Torque (Nm/kg)
1.50 (1.53)
0.62 (1.26)
NA





Appropriate amount
of swing clearance
Knee swing flexion (°)
65.5 (65.5)
99.9 (93.7)
93.4(89.4)

Ankle swing movement (°)
14.2 (17.5)
16.1 (29.7)
9.9 (22.9)





Reciprocal Gait Pattern
Visual Inspection
NA
Yes
Yes





Foot Mechanics 
Toe Maximum Extension (°)
36.3 (39.6)
12.5
36.0

Toe Maximum Torque (Nm/kg)
0.12 (0.12)
0.03
0.03 
* Numbers in parentheses are derived from nonamputee reference

TABLE S7
Energy distribution of ankle/foot and knee modules during amputee testing across ambulation tasks

Knee Energy [J/kg]
Ankle Energy [J/kg]
Total Energy [J/kg]

Mecha-nical
Joule Loss
Friction Loss
Elec-trical
Mecha-nical
Joule Loss
Friction Loss
Elec-trical
Mecha-nical
Joule Loss
Friction Loss
Elec-trical
Walking
Standard
-0.27
±0.04
0.21
±0.06
0.03
±0.01
-0.03
±0.06
0.19
±0.03
0.14
±0.05
0.02
±0.003
0.35
±0.03
-0.08
±0.04
0.35
±0.05
0.05
±0.01
0.32
±0.05
Walking
Saver
-0.15
±0.01
0.02
±0.01
0.02
±0.01
-0.11
±0.01
-0.06
±0.02
0.09
±0.01
0.01
±0.004
0.04
±0.01
-0.21
±0.02
0.11
±0.02
0.03
±0.01
-0.07
±0.02
Descent
-1.06
±0.05
0.87
±0.2
0.02
±0.01
-0.17
±0.2
-0.12
±0.09
0.04
±0.01
0.01
±0.003
-0.07
±0.05
-1.18
±0.05
0.91
±0.18
0.03
±0.01
-0.24
±0.17
Ascent
0.49
±0.03
0.39
±0.12
0.01
±0.01
0.89
±0.1
-0.07
±0.05
0.05
±0.02
0.01
±0.01
-0.01
±0.03
0.42
±0.03
0.44
±0.15
0.02
±0.01
0.88
±0.17
Double
Ascent
1.28
±0.09
1.22
±0.27
0.02
±0.004
2.52
±0.29
-0.04
±0.01
0.06
±0.02
0.01
±0.003
0.03
±0.01
1.24
±0.1
1.28
±0.27
0.03
±0.01
2.55
±0.29
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