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Abstract

Crouch gait, a pathological pattern of walking characterized by excessive knee flexion, is one of 

the most common gait disorders observed in children with cerebral palsy (CP). Effective treatment 

of crouch during childhood is critical to maintain mobility into adulthood, yet current interventions 

do not adequately alleviate crouch in most individuals. Powered exoskeletons provide an untapped 

opportunity for intervention. The multiple contributors to crouch, including spasticity, contracture, 

muscle weakness, and poor motor control make design and control of such devices challenging in 

this population. To our knowledge, no evidence exists regarding the feasibility or efficacy of 

utilizing motorized assistance to alleviate knee flexion in crouch gait. Here, we present the design 

of and first results from a powered exoskeleton for extension assistance as a treatment for crouch 

gait in children with CP. Our exoskeleton, based on the architecture of a knee-ankle-foot orthosis, 

is lightweight (3.2 kg) and modular. On board sensors enable knee extension assistance to be 

provided during distinct phases of the gait cycle. We tested our device on one 6 year old male 

participant with spastic diplegia from CP. Our results show that the powered exoskeleton improved 

knee extension during stance by 18.1° while total knee range of motion improved 21.0°. 

Importantly, we observed no significant decrease in knee extensor muscle activity, indicating the 

user did not rely solely on the exoskeleton to extend the limb. These results establish the initial 

feasibility of robotic exoskeletons for treatment of crouch and provide impetus for continued 
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investigation of these devices with the aim of deployment for long term gait training in this 

population.
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I. Introduction

Cerebral palsy (CP) is a group of motor disabilities caused by a perinatal non-progressive 

injury to the central nervous system. CP is the most common pediatric motor disorder, 

affecting between 1–4 per 1000 live births [1–3]. Individuals with CP present a variety of 

disabilities including spasticity, rigidity and diminished coordination and motor control [4]. 

Individuals with CP are often partitioned into subgroups based on the type and distribution 

of motor impairments. One of the most common subgroups is spastic diplegia [2, 3], in 

which pathologic gait patterns are frequently observed [5]. Crouch gait, which is 

characterized by excessive stance phase knee flexion and may be accompanied by other 

deficits at the hip and/or ankle, is one of the most frequently observed gait deviations [6]. 

Crouch gait can lead to joint pain [7] and degenerative arthritis [8] due to elevated joint 

contact forces [9], bony deformities [10], and increased risk for falls from inadequate foot 

clearance [11]. Additionally, crouch gait is less efficient than normal walking patterns [12] 

and many experience deterioration of walking ability with age [13], leading to a loss of 

ambulation in a large portion of the population [14].

The most common treatments for crouch gait include surgery, botulinum toxin injections, 

physical therapy/strengthening, and orthotic interventions. Outcomes from surgical 

interventions, which typically target the hamstrings, are variable [15, 16]. Recently, distal 

femoral extension osteotomy procedures have shown improvement of knee extension in 

short-term follow up, particularly when combined with patellar tendon advancement [17], 

offering a potentially effective but more invasive solution. One reason for the mixed surgical 

outcomes may be heterogeneity underlying the crouch gait pattern in diplegic CP. In addition 

to hamstring spasticity, anti-gravity (extensor) weakness clearly contributes to the 

deterioration of walking capabilities as a function of age. However, like surgery, muscle 

strengthening programs have inconsistent outcomes [18, 19]. Achieving and maintaining 

adequate strength levels in individuals with motor disabilities is a challenging problem that 

is exacerbated because ambulatory children with CP are less active than children without 

disabilities [20]. Orthotic bracing, aimed to increase mobility of individuals with crouch 

gait, may block or restrict motion at the ankle and or the knee joint to provide passive weight 

support or to suppress unwanted motions. Traditional and floor reaction ankle-foot orthoses 

(AFO and FRAFO, respectively) have been shown to temporarily improve knee extension 

and spatiotemporal gait parameters while worn [21, 22]. However, long term use can lead to 

greater weakness in the restricted muscle groups over time. Treadmill based robotic assisted 

therapy offers the advantage of repetitive practice. Improved function has been reported in 

pilot studies of treadmill based training in CP [23, 24], but their overall effectiveness 

compared to traditional therapies of equal intensity is equivalent [25, 26]. Furthermore, these 
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strategies are limited in the environment and duration in which they can be applied and have 

not been explicitly studied for remediation of crouch gait. Functional electrical stimulation 

(FES) devices have been applied to treat crouch gait in children with CP with limited 

success using percutaneous [27] and surface [28] electrodes to stimulate extensor muscles; 

however, the intensity of stimulation required to extend the flexed knee can be difficult to 

reach.

There is a clear need for more effective interventions which can preserve or augment 

strength on a continuous basis for those with crouch gait from CP. The recent surge in 

powered exoskeleton technology [29, 30] provides one avenue for exploration. To date, the 

primary design focus of these wearable robotic devices has been on restoring lost function 

due to paralysis, e.g. from spinal cord injury [31, 32] or stroke [33], to assist with load 

carriage [34], and enhance normal walking efficiency [35]. Transfer of these wearable 

technologies to pediatric populations has been limited. Challenges also exist for designing 

an exoskeleton specifically to treat crouch gait. The conditions that accompany or contribute 

to crouch, such as spasticity, contracture, instability, poor motor control, and muscle 

weakness make the effects and efficacy of introducing motorized assistance unclear in this 

population. Here, we present a new powered exoskeleton specifically designed for 

rehabilitation of crouch gait in children with CP. Our design is modular and can optionally 

incorporate surface electrical stimulation or accommodate the replacement of the powered 

motor assistance with a passive damper at the knee. The exoskeleton is designed to provide 

powered assistance to knee extension during stance and/or swing phases of gait. The overall 

goal of the exoskeleton project is twofold. First, we seek to investigate the effects of 

powered knee assistance as a treatment strategy for children with crouch gait from CP. 

Second, we plan to utilize the powered exoskeleton as a test bed to enhance current 

understanding of the neuromuscular causes underlying crouch gait with an eye towards 

improved design of future interventions. In addition to design description, this paper 

presents an initial functional and clinical evaluation of our device as a rehabilitation tool in a 

single participant with crouch gait from CP.

II. Methods

A. Design Concept

The primary objective of our research was to build an assistive device to alleviate persistent 

knee flexion arising from crouch gait in children with CP. Our design was conceptualized as 

a wearable robot that provides on-demand assistive torque at the knee joint to facilitate knee 

extension during walking while preserving (or enhancing) muscle activity of the user. The 

choice to focus on the knee joint was not trivial. While pronounced knee flexion is the 

hallmark symptom of crouch gait in CP, the musculoskeletal system is a complex linkage 

with muscles spanning or influencing motion at multiple joints; thus, virtually all lower 

extremity muscles can induce accelerations at the ankle, knee, and hip and therefore have an 

impact on the flexed posture observed in this population. Previous studies have shown that 

the capacity of hip and knee extensor muscles to extend the limb is reduced in a crouched 

posture while the flexion accelerations induced by gravity are increased [36]. The result is 

persistent activity of extensors throughout stance phase and transference of responsibility for 
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forward progression to more proximal muscle groups [37]. These observations suggest that 

dynamically changing the posture during walking could enhance the muscles’ ability to 

extend the limbs. Taken together with clinical evidence suggesting that targeted strength 

training of knee extensors can increase knee extension during walking [38], particularly in 

the absence of hamstring spasticity [19], we believe that a powered exoskeleton that 

provides dynamic extension assistance at the knee could reduce excessive knee flexion and 

facilitate more normal, but appropriate knee extensor activity. When worn for an extended 

period of time, such a device may have therapeutic benefit in terms of muscle strengthening 

and improved motor coordination, ultimately eliminating the need to wear the exoskeleton.

B. Hardware and Electronics

The varying postures and physical deformities present in children with CP, combined with 

the heterogeneous causes of crouch gait, necessitate the design of a human-machine 

interface which can be customized to each individual. We based our design around the 

architecture of a knee-ankle-foot orthosis (KAFO) containing custom molded thermoplastic 

shells for the foot, shank, and thigh segments connected by rigid uprights mounted on the 

lateral side of the leg. KAFOs employ joint mechanisms in parallel with anatomical joint 

centers to allow (or control) segment motion.

To generate torque at the knee joint, we designed a custom motor assembly (Figure 1) that 

was light weight, low-profile, and capable of providing a reasonable level of assistance in 

most children and young adults with crouch gait. Previously, we found that internal knee 

extensor moment scales with the degree of crouch and body mass [39], but rarely exceeds 50 

Nm for individuals that would be candidates for the proposed device (i.e. children with mild-

moderate crouch). As such, peak torque output was specified to provide 1/3rd of the internal 

demand on knee extensors for mild-moderate crouch (~16 Nm). Using a transmission to 

increase torque output comes at the cost of reduced speed capabilities. The motor 

transmission system was designed to achieve a no-load speed similar to peak angular 

velocity during swing phase knee extension, which can exceed 300 °/sec.

The motor assembly was comprised of a back-drivable 24 V, 90 W brushless motor with a 3-

stage, 89:1 reduction planetary gear head and an embedded quadrature encoder (EC-

powermax, Maxon Motors, Fall River MA). A second stage, chain sprocket transmission 

with a 3.5:1 speed reduction transmits torque from the inline shaft of the motor to the knee 

center of rotation. The maximum rated output torque of the assembly is approximately 16.1 

Nm with a 3.82 A maximum continuous current draw. A torque sensor (Transducer 

Techniques, Temecula, CA) is mounted on the drive shaft at the knee. The assembly is 

modular such that it can be attached to the lateral upright of any KAFO. To facilitate 

unrestricted knee motion within the physiological range, the motor is mounted anterior and 

superior to the knee joint (Figure 1). The motor assembly unit is connected to the lower 

(shank) and upper (thigh) uprights by custom designed brackets. Each upright connects to 

the thermoplastic shell via quick release attachments to facilitate speedy removal and 

attachment after they have been donned by the user.

A commercially available, adjustable dynamic response (ADR; Ultraflex Systems, Pottstown 

PA) ankle joint mechanism mounted on the lateral upright connects the foot and shank 
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components. The ADR device can be freed to allow unencumbered ankle motion, locked to 

restrict motion, or adjusted to provide dynamic assistance. A force sensitive resistor (FSR, 

Interlink Electronics, Westlake Village, CA) mounted on the foot of the brace provides 

information regarding foot-floor contact. The thermoplastic foot plate is worn inside the 

shoe. The mass properties of the exoskeleton are provided in Table I.

The exoskeleton control box contains custom designed circuitry that provides power and 

signal conditioning for sensors as well as feedback control of the motors. Commercially 

available servocontrollers (ESCON, Maxon Motors) enable closed loop current (torque) 

control of the exoskeleton motors and knee joint position feedback based on encoder 

quadrature. Knee angle, FSR, and joint torque signals are input into a feedback control 

system implemented in a single board computer (Cool RoadRunner LX800, LiPPERT 

Embedded Computers, Vista, CA) running Debian Linux with Xenomai kernel for real-time 

control. Signals are transmitted to and from the exoskeleton via a multifunction A/D data 

acquisition board (PC /104, Sensoray, Portland, OR). The exoskeleton can be tethered to a 

DC power source for extended use in the lab setting or powered by a 22.2 V lithium-ion 

battery. The total weight of the control box is 1.96 kg.

C. Software Based Controller

Rule-based hierarchical control, as implemented in a finite state machine, has been 

previously deployed for control of prosthetics, FES systems, controllable orthotics, and 

powered exoskeletons which restore or assist walking [40–43]. Splitting the gait cycle into 

discrete states based on detected gait events provides enhanced consistency and robustness 

to an inherently variable process and allows implementation of lower level controllers within 

each state. To control our powered exoskeleton, we developed a finite state machine (FSM) 

which divided the gait cycle into three discrete phases: stance, early swing, and late swing 

(Figure 2). FSM thresholds were based on previously available data from children with 

mild-moderate crouch [36], and were verified and adjusted (if necessary) during the first 

walking session. The FSR was used to govern the transition between stance and swing states 

based on foot ground contact. Knee angle position and velocity, computed as first derivative, 

were used to detect transition between early and late swing phases. A proportional-integral-

derivative (PID) control scheme was used to achieve the desired torque output at the knee 

within each state. The PID error value was computed as the difference between the measured 

and desired torque. The PID gains were tuned manually during bench-top testing prior to the 

participant donning the device. They were adjusted so torque output reached a stable 

response with minimal chatter and latency. The gains were the same for all experimental 

sessions. The torque set point remained constant during a given state based on the 

implemented control scheme as discussed below. When the set-point was zero, as in early 

swing, the PID controller compensated for the inherent friction of the motor-transmission 

assembly, allowing for the knee joint to be freely articulated (i.e. frictionless).

For this initial study, we investigated a straightforward control strategy that provides knee 

extension assistance at different intervals within the gait cycle (Figure 3). The exoskeleton 

provided extension torque at the knee during stance phase to assist body weight support and 

during the late-swing phase to assist knee extension for foot placement. The control strategy 
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implemented a frictionless (zero torque) period during early swing to facilitate knee flexion 

for toe-clearance.

D. Device Validation and Clinical Evaluation

To validate the functional performance and preliminary efficacy of our exoskeleton, one 

male participant diagnosed with crouch gait from CP was recruited. He was classified level 

II on the gross motor function classification system (GMFCS) and was able to walk for at 

least 30 feet without assistance. At the time of data collection, he was six years old, height 

of 118 cm, and weight of 20.0 kg. Prior to data collection, we obtained informed consent 

and assent from the parent and participant, respectively. This study was approved by the 

Institutional Review Board at the National Institutes of Health.

The participant completed 5 visits at the NIH. The first visit included a clinical assessment 

of lower limb strength and spasticity, over-ground gait assessment of his baseline gait 

condition while wearing prescribed AFOs, and casting for fabrication of custom orthotic 

braces. The initial visit was followed by three practice sessions, during which the participant 

walked with the powered exoskeleton over-ground and on a treadmill, and a final visit for 

data collection. When using the exoskeleton, the participant was instructed to walk in a 

manner similar to their normal walking habits.

During the practice visits, the exoskeleton torque output was adjusted upwards from 1Nm at 

0.5 Nm increments. Final values of 3.5 Nm for stance phase and 2.625 Nm (75% of the 

stance value) for swing were established based on participant preference and visual feedback 

of participant comfort and walking stability. Total walking time in the exoskeleton was 18 

minutes across the four sessions. Frequent short breaks were given to reduce fatigue and 

maintain participant attention and focus on the walking task. Total walking time does not 

include experimental setup, device tuning and calibration, or walking in control conditions 

(i.e. without powered exoskeleton assistance).

Several precautions were implemented to insure patient safety. An unweighted safety line 

that connected from an overhead track to a gait belt around the torso was in place in case of 

a fall. An emergency stop button providing the ability to cut power to the device was held by 

a researcher at all times. The motor controller also incorporated several safety measures that 

limited the maximum torque output and prevented knee hyperextension.

The fifth visit was for experimental data collection with the exoskeleton under two 

conditions: a free knee joint (no motor) and the assistive mode with extensor torque set at 

3.5 Nm for stance phase and 2.625 Nm (75% of the stance value) for swing (Figure 3). The 

purpose of these conditions was to assess the effect of the brace and motor on gait 

separately. The ankle joint was set for free rotation in both conditions. The participant 

completed 3 successful overground walking bouts along a 5.5 m pathway in each mode. 

Researchers held the control box of the exoskeleton, which was tethered to a power supply 

to assure uninterrupted operation during lab testing. Kinematic data were collected at 100 

Hz using 10 motion capture cameras (Vicon Motion Systems, Oxford, UK) and a custom 

marker set similar to [44]. Specifically, we placed 3 markers on the foot, clusters comprised 

of 4 non-collinear markers on the shank and thigh segments, 4 markers on the pelvis, and 3 
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on the trunk. Markers were also placed on the medial and lateral aspects of the ankle and 

knee joints. Three markers were placed on each shank and thigh segment of the orthotic 

brace. Muscle activity was collected bilaterally from rectus femoris, vastus lateralis, 

semitendinosus, and medial gastrocnemius using a wireless EMG system (Trigno, Delsys, 

Boston, MA) recorded at 1000 Hz. EMG data were band-pass filtered at 15–380 Hz, full-

wave rectified, and low-pass filtered at 7 Hz to create a linear envelope [45]. At the 

beginning of each trial, a pulse was sent from the exoskeleton control box to the Vicon 

system to synchronize motion capture data (marker trajectories, ground reaction forces, and 

EMG) with data from the exoskeleton sensors (torques, angles, and controller states). 

Lower-extremity joint angles were computed from marker trajectories using inverse 

kinematics implemented in Visual 3-D software (C-Motion, Gaithersburg, MD). 

Experimental data were time normalized to each gait cycle using linear interpolation, and 

averaged across the gait cycles for each walking condition.

E. Statistical Analysis

One-factor ANOVAs were used to compare differences in knee joint kinematics and EMG 

across exoskeleton assistive modes. Post-hoc comparisons were made using the Tukey-

Kramer method if a significant main effect was found.

III. Results

A. Exoskeleton Performance Validation

We measured the latency of the robotic exoskeleton by attaching the uprights to a solid 

extruded aluminum frame, creating an isometric condition under which timing of torque 

application could be quantified. The on-off and off-on latency was measured as the time 

between when the controller triggered the transition and when torque measured by the 

onboard sensor reached the target value. The average latency, across 10 trials, was 53 ± 8 ms 

for activation and 57 ± 7 ms for deactivation. The compliance between the brace and limb 

was evaluated by comparing sagittal plane knee joint angle computed from the exoskeleton 

markers with the biological knee angle computed from markers placed directly on the skin. 

The difference in knee angle was not significant (p > 0.99) indicating minimal motion 

between the body and exoskeleton (Figure 4). The torque provided by the powered 

exoskeleton was consistent with the design specifications (Figure 5). Swing phase assistance 

was provided only after volitional knee extension began. Swing phase knee extension was 

delayed in the left leg compared to the right leg, which resulted in a reduced interval during 

which swing extension assistance could be applied to the left limb prior to heel-strike.

B. Joint Kinematics & Spatiotemporal Measures

The experimental biomechanics data from overground walking were screened to ensure that 

only complete gait cycles free from adverse events (e.g. toe-drag) were included in the 

subsequent analyses. The total number of analyzed gait cycles for each condition is shown in 

Table II.

To assess the effects of motorized extension assistance on the participant’s gait, kinematics 

(joint angles) and spatiotemporal parameters were calculated under three conditions (Figure 
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5): shod + AFO (baseline), walking with the exoskeleton brace with a free knee joint (free), 

and walking with assistance from the powered exoskeleton (powered). There was a 

significant increase in total knee range of motion and knee extension during stance phase 

when walking with the powered exoskeleton compared to the free knee and baseline 

conditions (Table II). Compared to baseline, the powered exoskeleton increased peak knee 

extension during stance by 18.1° and 11.5° in the right and left leg, respectively. Maximum 

knee flexion during stance was decreased in the exoskeleton condition by similar levels 

(18.6° and 11.9°) compared to baseline. There was no significant difference in the hip angle 

between the baseline, free knee, and powered exoskeleton conditions. However, peak ankle 

dorsiflexion was increased significantly for both the free knee and powered conditions 

(Table II) due to the free ankle joint compared to the rigid AFO at baseline. Yet, there was 

no significant difference in knee extension during stance or knee range of motion between 

the baseline and free conditions. There were no significant differences in step length or step 

width between walking conditions. Cadence was significantly reduced in both the free knee 

and powered exoskeleton conditions compared to baseline.

C. Muscle Activity

Walking with the powered exoskeleton affected EMG activity of several muscles compared 

to walking with the brace with a free knee joint (Figure 6). There was elevated activity 

during late stance phase in both rectus femoris and semitendinosus in the powered condition. 

Post-hoc tests showed a significant increase in peak semitendinosus linear envelope during 

late stance (p < 0.001). Importantly, the robotic exoskeleton did not have a large effect on the 

vastus lateralis activity, which maintained similar levels during late-swing and stance phases 

when assistance was provided. Likewise, no differences in medial gastrocnemius EMG were 

observed between the free knee and powered conditions.

IV. Discussion

We report here the design and first application of a powered exoskeleton during walking for 

treatment of crouch gait in children with CP. During this preliminary evaluation we 

examined the effects of relatively straightforward knee extension assistance during stance 

and late-swing phase. Our analysis shows that our FSM control strategy activated and 

deactivated the assistance during walking with latencies of similar duration to those of 

biological processes (e.g. muscle contractions), and therefore may be well-suited for 

adequate human-machine interaction. One potential challenge in exoskeleton design is 

relative motion between the limbs and the brace when assistive torque is applied. Our data 

indicate that our exoskeleton design and implementation suitably mitigated this issue as we 

observed no significant motion of the exoskeleton relative to the underlying limb at the knee 

joint in one individual. Owing to the patient’s weight (20.0 kg), our target torque levels were 

small but sufficient to demonstrate the functional capacity of our device to elicit the desired 

outcomes (i.e., increased knee extension during stance). The torque set-point during each 

assistive phase was held constant at 3.5 Nm for stance and 2.6 Nm for swing, respectively. 

Even though the torque was constant for each state, the resulting kinematic profile 

maintained relatively normal waveforms, including continuous knee extension for foot 

placement and an early stance loading response. While more sophisticated control methods 
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are possible [39], the primary goal of this study was to assess the feasibility of injecting 

additional energy into the gait cycle to alleviate crouch.

The powered exoskeleton significantly altered lower extremity kinematics and reduced the 

amount of crouch compared to the baseline condition. The subject walked in a more 

extended, upright posture; we observed significant increases in our primary outcome 

variable, maximum knee extension during stance phase in both the left and right legs. The 

improvement (12–19°) was similar to the range of long-term improvement reported from 

invasive surgical treatment (10–20°) [46]. Peak stance phase knee flexion was also 

significantly reduced in both legs when walking with the robotic exoskeleton. The 

participant displayed baseline asymmetry with slightly less crouch during stance in the left 

leg. Our results suggest that the assistive torque, set to the same value in both legs, had a 

larger effect on stance posture in the more affected limb. Future work will focus on more 

sophisticated methods for delivery of assistive torque, including varying levels of assistance 

between limbs and adjusting the amount of torque applied within each phase in real-time.

The overall knee range of motion for the entire gait cycle was significantly increased during 

walking with the powered exoskeleton, resulting in a trajectory that was closer to that of 

normal waking. While there were gains in knee extension during stance, we also observed an 

increase in knee flexion during swing phase with both the powered exoskeleton and the free 

knee condition. One possible explanation for the increased swing phase knee flexion is the 

additional mass of the exoskeleton bracing, which may have resulted in increased knee 

flexor activity to assure toe clearance in the novel walking task. Our results at the knee 

highlight the complex interactions between the different joints of the lower limbs during 

walking. A full evaluation of these interactions and more detailed assessment of the 

exoskeleton effects on full lower extremity kinematics and muscle activity are planned in the 

future.

Interestingly, the increased knee ROM during the exoskeleton walking condition may have 

mitigated the kinematic benefit of extension assistance provided by the motor. A more flexed 

knee during swing increases the late swing extension requirement as the limb must articulate 

through a larger ROM. The transition from swing phase flexion to swing phase extension 

was delayed in the left leg compared to the right, limiting the time available to provide 

swing phase assistance from the exoskeleton. Peak swing knee extension velocity in the left 

leg was approximately 350°/sec, resulting in motor shaft velocity of 18,160 revolutions per 

minute (RPM), which exceeded the no load speed of the motor (16,300 RPM or 314°/sec) 

and therefore limited the ability to provide extension assistance in this phase (Figure 5). 

Swing phase knee extension velocities in the right leg were less than 300°/sec. In future 

implementations, a higher power motor with a lower gear reduction may be deployed at the 

expense of additional weight and energy usage. Our torque set-points were also relatively 

small and selected according to patient preference and visual observation of walking 

stability. We were able to slowly increase the torque levels over the 3 practice sessions. Still, 

the participant walked with reduced cadence while using the exoskeleton compared to their 

baseline gait, a somewhat expected finding given the novelty of the task that may be 

improved with additional time for accommodation to the exoskeleton. Considering the 

limited time the participant walked with the exoskeleton, it is likely that continued use 
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would result in increasing comfort levels, the opportunity to increase the assistance, and 

further kinematic improvements.

We observed few differences in EMG during walking with the powered exoskeleton. In the 

left leg, elevated hip and knee flexor activity at the end of stance phase and in early swing 

(50–75% of the gait cycle) was observed. The knee extensor torque provided by the motor at 

the end of stance may have triggered this undesirable antagonistic flexion response. 

Importantly, we observed no differences in knee extensor activity during stance or swing 

phase extension assistance in either leg. At the end of the stance phase in the left leg, vastus 

lateralis activity ceased earlier when using the powered exoskeleton compared to the free 

knee. This pattern of activity more closely resembles that of normal walking, and offers the 

possibility that long term use of the exoskeleton may help facilitate elimination of the 

persistent extensor activity during stance phase of crouch.

A critical, but still unanswered, question exists regarding the effect of robotic assistance 

during walking on muscle activity. Previous studies of have demonstrated that the addition 

of robotic assistance during treadmill walking in neurologically intact populations does not 

diminish muscle activity, and may in fact increase it [47]. The same effect has been observed 

in lower extremity exoskeletons which provide assistance to multiple joints [48] and which 

target the knee specifically [49]. However, studies of individuals with neurological insults 

resulting in diminished function suggest the opposite effect; namely that EMG activity is 

decreased when robotic assistance is applied [50]. While further investigation is needed, our 

results offer preliminary evidence that children with crouch gait from CP do not significantly 

reduce their knee extensor activity when walking with powered extension assistance from an 

exoskeleton in the short-term. The participant did not simply allow the motors to take over 

control of knee extension responsibilities and kinematic improvements were observed. 

Careful analysis of all lower extremity EMG over an extended duration and across multiple 

individuals will be paramount going forward, because maintaining the user’s volitional 

muscle activity is a crucial element for the long-term success of these devices as a 

rehabilitation tool. Another potential barrier to use of exoskeletons in children is device size 

and weight, however our results from the free knee and powered exoskeleton conditions 

show that additional inertia from the exoskeleton did not impede ambulation. These results 

are in agreement with recent studies showing gait function in children with CP is robust to 

moderate increases in limb masses from assistive devices [51].

Several limitations warrant discussion. First, a single participant was included in this 

analysis to evaluate the function and performance of our exoskeleton in a clinical setting. As 

a result of this successful evaluation, we are conducting a larger, ongoing study, designed to 

investigate the effects of powered knee assistance as a treatment strategy for children with 

crouch gait from CP with a broader range of size and severity. Another limitation was that 

the participant did not carry the control box and we used a tethered power supply. In this 

initial study, we prioritized evaluation of motorized knee extensor assistance in this 

population prior to adding additional burden. Under studied conditions, a 22.2V, 2500mAh 

battery weighing 0.75 kg could operate the exoskeleton for over an hour. Future work will 

prioritize reducing device weight and power requirements, and streamlining embedded 

electronics to enable device use outside the laboratory setting. An additional challenge for 
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long-term use of the device in children is growth over time. While custom-molded braces 

were used in this study, future versions may contain orthotics that will not require custom 

molding to be individually adaptable. This may have the added benefit of reduced cost and 

longer-term adaptability.

In conclusion, this study demonstrated the potential for a powered exoskeleton to reduce 

excessive knee flexion during crouch gait from CP without a significant reduction in 

volitional EMG activity. Owing to the heterogeneity of crouch and CP in general, our future 

work will focus on assessment of exoskeletons in a broad cohort. A major advantage of the 

exoskeleton as a therapeutic intervention is that the control strategy can be tuned to optimize 

the assistance for each individual. Our modular design allows future integration of additional 

modes of assistance, including passive support at the ankle and surface electrical 

stimulation. We anticipate eventual deployment of this exoskeleton as a wearable training 

device outside of the lab, providing the opportunity to increase dosage levels of gait therapy 

far beyond those in existing treadmill based paradigms.
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Fig. 1. 
Photograph and schematic of the robotic exoskeleton for knee extension assist to alleviate 

crouch gait from cerebral palsy.

Lerner et al. Page 16

IEEE Trans Neural Syst Rehabil Eng. Author manuscript; available in PMC 2021 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Diagram of the FSM used to specify the desired knee extensor assistance at different phases 

across the gait cycle. The states included stance, early swing, and late swing. The stance 

state was identified by a reading from the foot sensor greater than 60% of the value 

measured during quiet standing. The early swing state was identified by a foot sensor 

reading less than 60% of the value measured during quiet standing and/or if the knee angle 

surpassed full extension while the foot sensor remained below the threshold (indicating 

swing). The late swing state was identified by a positive angular velocity of the exoskeleton 

knee joint (extension) when the knee was flexed greater than 30 degrees.
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Fig. 3. 
Diagram of the assistance (blue) provided by the exoskeleton relative to different phases of 

the gait cycle. The motor controller operated in a free (frictionless) state during the early-

swing phase to allow for natural knee flexion required for toe-clearance during swing.
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Fig. 4. 
Mean exoskeleton angular compliance, computed as the difference between the knee joint 

angle measured from the exoskeleton and the knee joint angle measured from the biological 

segments during the powered assistance condition. The shaded regions represent ±1SD from 

the mean.
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Fig. 5. 
Top Row) Mean knee extensor torques across the gait cycle. Bottom Rows) Mean sagittal 

plane hip, knee, and ankle joint angles across the gait cycle during the baseline condition 

(black-dashed), the free knee condition (red), and the powered exoskeleton (blue) 

conditions. The shaded regions represent ±1SD from the mean. * Indicates significant 

difference between the respective exoskeleton condition and baseline (p<0.05).
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Fig. 6. 
Mean EMG linear envelopes (in mV) across the gait cycle during the free knee (red) and 

powered exoskeleton (blue) conditions. The shaded regions represent ±1SD from the mean.
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TABLE I

Mass Properties of the Exoskeleton

Segment Weight (kg) Ixx (kg·m2) Iyy (kg·m2) Izz (kg·m2)

Foot 0.11 0.0003 0.0007 0.0008

Shank 0.31 0.0147 0.0006 0.0145

Thigh 1.16 0.0103 0.0075 0.0098

Total exoskeleton weight per limb = 1.58 kg. Control box weight = 1.96 kg. The axes are defined as follows: x: anterior-posterior; y: superior-
inferior; z: medial-lateral.
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