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Abstract. Soft exoskeletons are lightweight robotic devices currently used for physical therapy 

and rehabilitation. Most of the current research on soft exoskeletons has focused on the adult 

population, providing limited options for infant physical therapy and rehabilitation. Spina 

bifida, a condition affecting the infant’s brain and spinal cord, requires muscle movement 

treatment through physical therapy. Coupling physiological infant movement with soft robotics 

can provide solutions for rehabilitation and physical therapy. This study couples joint 

kinematics from a novel musculoskeletal model with a soft-robotic exoskeleton that uses 

vacuum-powered artificial muscles. The accuracy of the exoskeleton is assessed when 

replicating physiological infant kicks. Knee joint kinematics from the musculoskeletal model 

during infant movement were used to drive the soft exoskeleton. Preliminary results showed 

that the robotic system replicated infant kicks with lower frequency and small ranges of motion 

(RMS < 2 degrees) more accurately than those with higher frequency and large ranges of motion 

(RMS > 6 degrees). The proposed framework has the potential to replicate physiological infant 

kicks that could be used for infant physical therapy and rehabilitation.  
 

 

1 INTRODUCTION 

Spina bifida is a type of neural tube defect and occurs in approximately 1 per 1,000 births 

worldwide [1]. The neural tube is the structure that eventually develops into the infant's brain 

and spinal cord. This neural tube defect affects the nervous system and can lead to problems 

such as weakness or total leg paralysis. Treatment requires physical therapy and rehabilitation. 
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Robotic driven exoskeletons are used for rehabilitation to train muscle movement and assist in 

injury recovery. While the demand for these robotic rehabilitation devices has significantly 

increased, most have been developed for the adult population due to the increasing number of 

disabled and aged people [2]. In recent years, novel approaches have been used to develop 

assistive exoskeletons for walking children affected by cerebral palsy and spina bifida [3, 4]. 

However, there have not been any significant advancements in exoskeletons for the infant 

population. Spina bifida leads to motor dysfunction reducing mobility in infants. High physical 

activity has been recommended for rehabilitation. The proposed framework aims to couple the 

joint kinematics from a novel musculoskeletal infant model with a robotic exoskeleton that uses 

vacuum-powered artificial muscles. The purpose of this study is to investigate the accuracy of 

the previously developed robotic system when replicating physiological random and high 

frequency infant kicks. The proposed framework has the potential to advance the infant 

rehabilitation field and can be adapted to meet the needs of infants affected by spina bifida and 

other developmental conditions.  

2 METHODS 

For this study, an infant musculoskeletal model was coupled with a robotic system. Infant 

knee kinematics, obtained from a previously developed musculoskeletal model [5], were used 

as an input to drive a knee exoskeleton and to assess the accuracy of the exoskeleton’s output. 

The general workflow for the proposed framework is shown in Figure 1. 

 

Figure 1: Coupled infant musculoskeletal computational model and robotic exoskeleton framework concept.   

The musculoskeletal model used in this study was developed by scaling an adult model using 

experimental motion capture data from an infant. The infant exoskeleton system utilized in this 

study was comprised of knee joint controls that used soft pneumatic artificial muscles to 
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perform cycles of knee flexion and extension. This robotic system was previously developed 

for infant physical therapies and has worked well with controlled sinusoidal trajectories, which 

are typical for infant physical therapy and rehabilitation [6]. The exoskeleton consisted of a soft 

vacuum-powered pneumatic artificial muscle actuator. Bench testing was performed using a 

developed infant mannequin that matched the anthropometric measurements of a 6-month-old 

infant. For the musculoskeletal model, inverse kinematics was used to estimate joint angles. 

The averaged kinematics from the infant musculoskeletal model was then used as an input to 

drive the exoskeleton joint controls.  

2.1 Musculoskeletal model 

The musculoskeletal model was derived using OpenSim [4] to quantify infant biomechanical 

parameters that are difficult to measure experimentally. Motion capture technology was used 

to capture the spontaneous kicking without any external stimulation. The experimental motion 

capture data for the infant musculoskeletal model was obtained following an institutionally 

previously approved IRB [7, 8]. Data was collected from a healthy, full-term male infant who 

was 2.4 months old lying in the supine position. The previously developed infant model used 

anthropometric measurements to scale the generic adult model [6]. Inverse kinematics was then 

used to estimate hip joint angles by solving a least squares optimization problem minimizing 

the distance between experimental markers and the corresponding model markers. The 

optimization used during scaling was a weighted least squares optimization problem given by 

Equation (1) [9, 10], where 𝒒 is the vector of generalized coordinates being solved for, 𝒙𝒊
𝒆𝒙𝒑

 is 

the experimental position of marker 𝒊, 𝒙𝒊(𝒒) is the position of the corresponding model marker 

(which depends on the coordinate values), and 𝒒𝒋
𝒆𝒙𝒑

 is the experimental value for coordinate 𝒋. 

Prescribed coordinates are set to their experimental values. The goal of the optimization 

problem was to place the model markers in the position that closely matched the subject’s 

position while minimizing marker error. 
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The infant knee kinematics from the random kicking motion were obtained from the 

musculoskeletal model for 42.89 seconds, as shown in Figure 2. A total of 5 kicks (A, B, C, D, 

and E) were selected, and the selection was based on range, transient response, and stable 

response. Kicks were sought with a movement amplitude of at least 5°. Smooth transient 

response kicks were kicks that did not display oscillations or abrupt changes during flexion, 

and stable response kicks were kicks that remained stable after reaching the maximum angle 

during the kick cycle. However, kick E was discarded because the system was not able to 

achieve the desired angle in the given small time interval (0.2 seconds). Each kick exhibited 

extension, maximum flexion, and extension again as the infant kicked freely. These specific 

kicks from the musculoskeletal model provided the knee range of motion to be used as the input 

for the vacuum powered artificial muscle to assess its accuracy when replicating physiological 

infant kicks.  
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Figure 2. Physiological knee range of motion during infant movement from musculoskeletal model 

2.2 Artificial Muscle Actuator 

The robotic exoskeleton used a Vacuum-Powered Artificial Muscle (VPAM) [6]. The 

previous study utilized data on an infant during physical therapy to demonstrate the capabilities 

of the actuator. Results showed that the VPAM maintained successful exercise range of motion 

and smooth motions for the infant. The VPAM used a modular structure comprising of cells 

clipped in a collapsed state and unclipped when desired to account for infant growth. Clipping 

worked by sliding clips on the external ring and attaching two neighboring rings by deactivating 

the clipped cell. This allows the VPAM to adjust to its total contractile length. The VPAM was 

used due to its high forces and high contraction ratios and consisted of four components: a 

flexible membrane or skin, internal rings, external rings, and anchoring clips, as shown in 

Figure 3. 

 

Figure 3. Exoskeleton robotic knee with vacuum-powered muscle bellow actuator.  

The external rings allowed for the length-adjustable feature to be realized by clipping and 

unclipping the actuator cells. The artificial muscle works with vacuum pressure. When air is 



Victor Huayamave, Emir Vela, Wangdo Kim, Tamara Chambers, Esteban Centeno, and Breanna Macumber. 

 5 

removed, the muscle contracts, and when air is added, the muscle relaxes. The actuator is 

attached across the knee joint, with anchoring locations along where the calf and thigh are 

located. Adhesive Velcro was used to attach one end of the actuator to the calf (where the IMU 

was placed to measure the flexion angle), while the other end was placed at the thigh. Fixing 

one end of the actuator to the thigh ensures that when the actuator is contracted by the pressure 

change, the leg is lifted due to the tensile force exerted on the calf. For the desired pressure, the 

actuator outputs a nonlinear tensile force. However, estimating the pressure needed to replicate 

specific ranges of motion is challenging due to the complex dynamics of the VPAM. Therefore, 

a Proportional-Integral-Derivative (PID) controller was used. A PID controller is a type of 

control algorithm that allows the control of a physical variable to follow a reference (or desired 

value) based on the sum of the error (measured value - desired value), the integral of the error, 

and the derivative of the error multiplied by gains 𝐾𝑝 (𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑎𝑖𝑛), 𝐾𝑖(𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑔𝑎𝑖𝑛) and 

𝐾𝑑 (𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒 𝑔𝑎𝑖𝑛). The PID used knee joint kinematics (obtained from IMU) as the input and 

the data from the musculoskeletal model as the reference. Then, the PID estimated the needed 

pressure for the desired knee range of motion. The controller gains used were (𝐾𝑝 = 0.4, 𝐾𝑖 = 

0.002, 𝐾𝑑 = 0.02) and were tuned manually and experimentally. 

3 RESULTS  

The results showed that the system was able to smoothly follow the desired trajectory. 

However, there were differences between the measured ranges of motion for the robotic system 

(blue solid line) and the desired musculoskeletal model ranges of motion (blue dotted line), as 

shown in Figure 4. 

 

Figure 4. Comparison of experimental results between the musculoskeletal model and the soft-robotic 

exoskeleton system for all the selected kicks. 
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 Table 1 shows the root mean square error (RMS) for each kick (A, B, C, D, E). Kick A has 

the greatest error compared to the other kicks, which was expected since this kick had the largest 

knee flexion range of motion (80 degrees). Additionally, there was a noticeable difference 

between the musculoskeletal model and the robotic system when initiating the movement. 

While the system followed a linear path, the musculoskeletal model’s motion exhibited 

exponential behavior. The transient period was also complex to follow because these kicks 

happened quickly, between 0.2 and 0.4 seconds. The high speeds of the kicks were difficult to 

simulate with the current controller due to the limitations of the robotic system.  

Table 1: Root mean square (RMS) error for each kick. 

Kick RMS (degrees) 

A 6.67 

B 1.06 

C 0.76 

D 2.34 

While the robotic system was not able to precisely follow the infant knee kinematics during 

the transient period, it showed a significantly lower error when tracking the infant knee 

kinematics in the stable period (< 2°), as shown in Figure 4. The lower amplitude kicks had a 

smaller error because they did not require large velocities to reach the maximum flexion value. 

The results suggested that the system could perform movements that displayed similar behavior 

to the desired motions but were unable to replicate them perfectly due to the rapid speeds at 

which they occurred (<0.5 seconds). Further analysis and tuning of the current control algorithm 

(PID) will be completed in future iterations of the work to improve the reported errors.  

4 CONCLUSIONS 

Exoskeletons for therapy and rehabilitation have been developed focusing on the adult 

population while providing limited options for infant rehabilitation. This study aims to couple 

an infant musculoskeletal model with a soft-robotic system to replicate physiological infant 

kicks and assess the robotic system’s accuracy simulating the random and high-frequency 

motion observed in infant kicks. The previously developed soft-robotic exoskeleton worked 

well with controlled ranges of motion and frequencies, which are typical of rehabilitation 

protocols for infants suffering from spina bifida. However, the random infant knee kinematics 

contained high-frequency kicks, and the exoskeleton was not able to accurately replicate all the 

investigated kicks. 

The robotic system performed significantly better for kicks displaying small ranges of 

motion and frequencies. On the other hand, the system did not perform well with high ranges 

of motion and high frequency kicks, showing the largest RMS error (6.67 degrees). In addition, 

the robotic system currently works better for flexion because the extension is accomplished 

using only gravity, which greatly limits its performance. Future research will implement a 

passive component that can generate an additional return force. The proposed vacuum-powered 

artificial muscle design could be used in other applications outside the biomechanics field. 

There were several limitations in this study. There was an age difference between subjects 

used to develop the musculoskeletal model and the soft-robotic system. The musculoskeletal 

model was based on the kinematics of a 2.4-month-old infant, and the exoskeleton was built 
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using anthropometric data of a 6-month-old infant. Another limitation was that the infant 

musculoskeletal model represented an infant lying supine while the vacuum-powered robotic 

system represented an infant in the prone position. However, this did not affect the results 

because both cases behave like a simple pendulum with a revolute joint. Although the weight 

distribution is not the same, this was compensated by using the PID controller, which followed 

the given reference regardless of the difference in weights of the subjects. 

The proposed framework has the potential to advance the infant rehabilitation field and can 

be adapted to meet the needs of infants affected by spina bifida and other developmental 

conditions. Our study also paves the way for the development of rehabilitation technologies 

using virtual reality. 

 

ACKNOWELEDGMENTS 

This study was supported by ProCiencia under contract N° PE501080681-2022-PROCIENCIA, 

Proyectos Especiales: Proyectos de Investigadores Visitantes, the US National Science 

Foundation CAREER award CMMI-2238859, and the US National Science Foundation under 

Grant number EEC-2050887. The opinions, findings, and conclusions, or recommendations 

expressed are those of the author(s) and do not necessarily reflect the views of the National 

Science Foundation. 

REFERENCES 

[1] Copp AJ, Adzick NS, Chitty LS, Fletcher JM, Holmbeck GN, Shaw GM. Spina bifida. 

Nature reviews Disease primers. 2015;1:1-18. 

[2] Mekki M, Delgado AD, Fry A, Putrino D, Huang V. Robotic rehabilitation and spinal cord 

injury: a narrative review. Neurotherapeutics. 2018;15:604-17. 

[3] Bunge LR, Davidson AJ, Helmore BR, Mavrandonis AD, Page TD, Schuster-Bayly TR, et 

al. Effectiveness of powered exoskeleton use on gait in individuals with cerebral palsy: A 

systematic review. PLoS One. 2021;16:e0252193. 

[4] Lerner ZF, Damiano DL, Bulea TC. A lower-extremity exoskeleton improves knee 

extension in children with crouch gait from cerebral palsy. Science translational medicine. 

2017;9:eaam9145. 

[5] Lim Y, Chambers T, Walck C, Siddicky S, Mannen E, Huayamave V. Challenges in 

Kinetic-Kinematic Driven Musculoskeletal Subject-Specific Infant Modeling. 

Mathematical and Computational Applications. 2022;27:36. 

[6] Gollob SD, Mendoza MJ, Koo BHB, Centeno E, Vela EA, Roche ET. A length-adjustable 

vacuum-powered artificial muscle for wearable physiotherapy assistance in infants. 

Frontiers in Robotics and AI. 2023;10. 

[7] Siddicky SF, Bumpass DB, Krishnan A, Tackett SA, McCarthy RE, Mannen EM. 

Positioning and baby devices impact infant spinal muscle activity. Journal of Biomechanics. 

2020:109741. 

[8] Siddicky SF, Wang J, Rabenhorst B, Buchele L, Mannen EM. Exploring infant hip position 

and muscle activity in common baby gear and orthopedic devices. Journal of Orthopaedic 

Research®. 2020. 



Victor Huayamave, Emir Vela, Wangdo Kim, Tamara Chambers, Esteban Centeno, and Breanna Macumber. 

 8 

[9] Seth A, Hicks JL, Uchida TK, Habib A, Dembia CL, Dunne JJ, et al. OpenSim: Simulating 

musculoskeletal dynamics and neuromuscular control to study human and animal 

movement. PLoS computational biology. 2018;14:e1006223. 

[10] Delp SL, Anderson FC, Arnold AS, Loan P, Habib A, John CT, et al. OpenSim: open-

source software to create and analyze dynamic simulations of movement. Biomedical 

Engineering, IEEE Transactions on. 2007;54:1940-50. 
 


