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Abstract

Standing up, standing, and walking functions can be restored to people with spinal cord injury by 

contracting the paralyzed hip, knee, and ankle muscles with electrical stimulation. Restoring these 

functions using electrical stimulation requires controlled activation to provide coordinated 

movements. However, the stand-to-sit (STS) maneuver involves eccentric contractions of the 

quadriceps to control lowering of the body to the seated position, which is difficult to achieve with 

stimulation alone and presents unique challenges to lower-limb neuroprostheses. In this study, we 

examined the biomechanics of the STS maneuver in five nondisabled individuals and five users of 

an implanted neuroprosthesis. Neuroprosthesis users relied heavily on their upper limbs during 

STS, with peak supporting forces approximately 25% body weight, and exhibited an average 

vertical acceleration at the impact six times higher than that of the nondisabled subjects (p < 

0.001). Sitting with stimulation resulted in impact forces at initial contact with the seating surface 

averaging 1.4 times body weight and representing an average of twice the impact forces of the 

nondisabled subjects (p < 0.001). These results indicate a need for additional interventions to 

better control descent, minimize impact, and gently transition from standing to sitting to achieve a 

more natural movement and reduce the risk of injury.
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INTRODUCTION

Neuroprostheses using functional neuromuscular stimulation (FNS) can restore standing and 

personal mobility for individuals with spinal cord injury (SCI) [1–2]. Small electrical 

currents applied to the intact peripheral nerves cause the paralyzed muscles to contract and 

produce the necessary forces and joint torques to support the body against collapse and 

generate the movements required for stepping [3–5]. The improved mobility due to 

stimulation also provides physical and psychological benefits, such as cardiovascular fitness, 

reduced risk of pressure sores, and an enhanced self-image [6–8]. While the sit-to-stand 

transition [9], standing and standing balance [10–12], and walking with stimulation [7,13–

14] have been studied extensively, the stand-to-sit (STS) maneuver has received relatively 

little attention. Controlling descent of the body and minimizing impact with the seating 

surface are important goals for practical and safe operation of lower-limb neuroprostheses.

One of the main challenges to achieving more natural and safer STS transition is the 

difficulty in controlling eccentric contractions of the knee extensor muscles with electrical 

stimulation. The quadriceps muscles need to lengthen smoothly and continuously while 

being activated with stimulation to control the lowering of the body to the seated position 

[15–16]. The complex interplay of sensory information related to muscle length, tension, 

joint position and moment, and acceleration that would normally determine whether 

contractions of the quadriceps muscles need to be adjusted to control the downward 

movement of the body during STS are lacking or insufficiently integrated into existing 

lower-limb neuroprostheses.

A number of controllers have previously been designed to address the need for a controlled 

STS transition. A low-level, closed-loop switching curve controller (SCC) assisted standing 

up and sitting down by employing a simple switching curve to modulate stimulation to the 

quadriceps, depending on whether a prescribed angular velocity at a given knee angle was 

exceeded during the maneuver [17]. This controller was more effective than an unramped 

open-loop controller (OLC) that simply turned stimulation off to produce the STS 

transitions. The peak knee angular velocity for the SCC was 1.7 times greater than that for 

nondisabled (170.9 ± 47.6 °/s vs 101.7 ± 29.5 °/s). With the OLC, subjects only started to sit 

down once the stimulation was turned off. As a result, STS was completed without the 

assistance of FNS and subjects needed to rely solely on upper limbs for support and control 

of descent. It was also suggested that the OLC could potentially be improved by ramping 

down the quadriceps stimulation rather than simply turning the stimulation completely off.

An ON-ZONE-OFF (ONZOFF) controller was designed to assist sitting down with FNS 

[18]. Much like the SCC, it used a switching curve in the state space of knee angle and knee 

angular velocity to determine the state of the stimulation. However, this controller added a 

“zone” between the on and off states that smoothly increased or decreased stimulation pulse 
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width to the quadriceps and hamstring muscles while keeping stimulation pulse width to the 

gluteal muscles constant. The ONZOFF controller was compared with an On/Off controller 

that modulated stimulation to the quadriceps between a maximum (On) or minimum (Off) 

based on a switching line, rather than a curve, determined by the knee angle versus knee 

angular velocity profile. The ONZOFF controller reduced mean terminal knee angular 

velocity by 37 percent when compared with the On/Off controller implemented in the same 

subjects (67.6 ± 33.1 °/s vs 106.9 ± 16.7 °/s). The authors reported having difficulty 

selecting the correct switching line for the On/Off controller to handle perturbations or 

unpredictable shifts in posture or changes in upper-limb forces exerted on a walker during 

the maneuver. The ONZOFF controller appeared to be more robust and better able to 

account for perturbations by working within the zone area of the controller that slowly 

increased or decreased the stimulation pulse width. This was a considerable improvement 

over the open-loop and On/Off control systems.

Even though the ONZOFF controller reduced terminal knee angular velocity, subjects using 

FNS still exhibited a much higher velocity than nondisabled individuals, whose knee angular 

velocity at maximum knee flexion angle was 21.3 ± 14.0 °/s [17]. In addition, the ONZOFF 

controller required participants to exert arm forces of approximately 50 percent of body 

weight (%BW) on a support device during the maneuver. The vertical acceleration of the 

body center of mass at the impact and the impact force with the sitting surface were not 

reported [17–18].

The impact forces that occur when first making contact with the chair have not been 

previously studied for the STS maneuver with FNS. Chen et al. investigated the influence of 

posture on sitting impact forces when stroke patients performed STS maneuvers [19]. Sitting 

impact force ranged between 70 and 80 %BW (±28%–37%).

The purpose of our study was to describe and compare the biomechanics of STS in terms of 

impact forces, upper-limb forces, vertical acceleration at the impact, and knee and hip 

kinematics in nondisabled volunteers and individuals with SCI sitting down with open-loop 

ramped stimulation [2,20]. Although previous studies found that large upper-limb forces 

were exerted when sitting down with stimulation and that the motion only began after 

stimulation was turned off, the forces that occur on the buttocks at initial contact with the 

chair have not been quantified and warrant investigation, particularly with ramped 

stimulation. By understanding these forces, we can minimize the risk of injury during STS 

and determine the desired characteristics of new neuroprosthetic interventions and control 

systems for more natural STS transitions.

METHODS

Participants

From a power analysis based on the effect size determined from preliminary force and 

vertical acceleration data, a total of five subjects per population was required to meet 

statistical significance (α = 0.05, β = 0.95). Five non-disabled male volunteers (subjects A–

E) ranging in age from 23 to 63 yr (mean 45 yr), with a mean weight of 74 ± 6 kg and height 

of 170 ± 23 cm, participated in the study. Similarly, five (2 female, 3 male) individuals with 
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chronic SCI (mean time postinjury of 10 ± 11 yr) who had received implanted 

neuroprostheses for standing (mean time postimplant 8 yr) were recruited. The volunteers 

with SCI (subjects F–J) ranged in age from 46 to 58 yr (mean 53 yr), with a mean weight 

and height of 75 ± 14 kg and 174 ± 11 cm, respectively (Table). There were no significant 

differences in age (p = 0.42), height (p = 0.68), and weight (p = 0.84) between the 

nondisabled controls and subjects with SCI. There were also no significant differences in 

age (p = 0.85), height (p = 0.15), and weight (p = 0.28) between males and females for the 

subjects with SCI. All subjects signed consent forms approved by the local institutional 

review board before participation in the study.

Electrical Stimulation Systems

Subjects using FNS were selected from a variety of projects that historically instrumented 

different muscle groups for different study purposes. The common muscles stimulated for 

the STS maneuver in all subjects with SCI, however, included the hip and knee extensor 

muscles, which are primarily responsible for lifting and lowering the body. Some subjects 

utilized stimulation of additional muscles to provide added stability in the anterior-posterior 

or medial-lateral directions. Despite the heterogeneity in the number and locations of the 

implanted electrodes, the muscle sets were not functionally different in their ability to 

restore the STS maneuver. Stimulation values consistently ramped down over 2 s across all 

muscle groups in each subject during the STS maneuver. One subject with SCI (subject F) 

had 14 percutaneous intramuscular electrodes implanted bilaterally for walking while 

participating in another project in our laboratory. The electrodes used during standing and 

the STS maneuver in this study targeted the hip extensors (the posterior portion of the 

adductor magnus and gluteus maximus) and knee extensors (quadriceps via the femoral 

nerve). Subject F also utilized individual electrodes in the vastus medialis, intermedius, and 

lateralis of the quadriceps for additional stability. The other four subjects with SCI (subjects 

G–J) had received implanted lower-limb neuroprostheses for standing consisting of 

multichannel implanted pulse generators and intramuscular or spiral nerve cuff electrodes 

[21–22] to activate the trunk, hip, knee, and/or ankle muscles during participation in other 

projects in our laboratory. Electrodes targeting stimulation of the hip extensors (gluteus 

maximus and hamstrings) and knee extensors (quadriceps) were utilized in all subjects with 

implanted systems. Some subjects (H–J) also took advantage of the additional stability 

provided by electrodes in the posterior portion of the adductor magnus to augment hip 

extension. Subjects G, H, and J also utilized electrodes that activated the trunk extensor 

(lumbar erector spinae) muscles. The hip abductor (gluteus medius) muscle provided extra 

stability for subjects H and I. Subject H also utilized stimulation of individual heads of the 

quadriceps (vastus medialis, intermedius, and lateralis) as well as the quadratus lumborum 

for stabilizing lateral flexion of the trunk. The ankle dorsiflexor (tibialis anterior) muscle 

was targeted to counterbalance the plantar flexor contractures during standing that were 

common for subject J. Subjects with American Spinal Injury Association Impairment Scale 

(AIS) B injuries exhibited no volitional muscle control that would contribute in the STS 

maneuver. The volitional function of the hip extensors and knee extensors for subject G, 

who exhibited an AIS C injury, was determined by a manual muscle test to be grade 1 and 

grade 2, respectively, and was therefore unable to contribute to body weight support and 

controlled descent. No stimulation was used with the nondisabled subjects.
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Data Collection

A Vicon® MX40 motion capture system (Vicon Motion Systems; Oxford, UK) tracked the 

kinematics of the STS maneuvers (Figure 1). Subjects had reflective markers placed 

bilaterally on their upper body (acromion process, lateral epicondyle, wrist, and third 

metacarpal), trunk (cervical 7, thoracic 6, anterior and posterior superior iliac spines, and 

sacrum), and lower body (trochanter, lateral surface of midthigh, lateral epicondyle of the 

knee, lateral surface of midshank, lateral malleolus, calcaneous, and second metatarsal 

head). Marker trajectories were collected at 200 Hz. Subjects stood with each foot on a 

separate biomechanics platform (AMTI; Watertown, Massachusetts) to measure the ground 

reaction forces as well as to account for all forces occurring during the maneuver. To 

measure the impact force when sitting down, the seat of a chair was instrumented with 

another force plate. A thin (1.3 cm) Poron Medical® urethane cushion (Rogers Corporation; 

Rogers, Connecticut) was placed on top of the force plate to minimize any potential injuries 

that may occur during the STS maneuver without significantly dampening the impact at 

contact. Chair height was set to 48 cm, the average popliteal height in American males as 

per the NASA-STD-3000 Man-Systems Integration Standards [23], resulting in a 

standardized height for all subjects comparable to a typical wheelchair. The subjects also 

used a standard walker instrumented with two 6-axis load cells (AMTI) to record the upper-

limb forces exerted during STS. The height of the walker handles was adjusted to the 

preferred height for each subject. Force signals were sampled at 1,000 Hz. The forces and 

kinematic data were used to calculate kinetics of the movement in postprocessing.

Procedure

Participants performed at least five trials of the STS maneuver. Subjects began each trial in a 

standing position with their hands on the instrumented walker and ended each trial in a 

seated position on the stabilized instrumented chair with their hands on the walker. Non-

disabled subjects were instructed to perform the STS maneuver at their preferred 

comfortable pace while keeping their hands on the walker. Subjects using FNS were 

instructed to perform the STS maneuver utilizing their preprogrammed, open-loop FNS 

pattern. This subject-specific pattern was optimized by a physical therapist and ramped 

down the pulse width value of the stimulation for the bilateral trunk, hip, knee, and ankle 

muscles (as listed in the Table) over 2 s while keeping the frequency (20 Hz) and amplitude 

(maximum of 20 mA for intramuscular electrodes, maximum of 2 mA for femoral nerve cuff 

electrodes) constant [22,24–25]. The resting interval between trials was at least 1 min, with 

the option to rest longer if needed for all participants. All subjects with SCI were spotted by 

a physical therapist throughout the entire experiment for safety.

Postprocessing

The data were processed offline. Five trials for each subject (power analysis with α = 0.05, β 

= 0.95) were used to determine an ensemble average of the outcome measures. The initiation 

to complete the STS maneuver was determined differently for nondisabled subjects and 

subjects using FNS. With no repeatable signal to indicate STS intention, the start of the 

nondisabled maneuver was determined by a deviation of 3° from the stationary starting knee 

angle [26]. For subjects using FNS, the beginning of the maneuver was based on the start of 
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the stimulation pattern, where the intended start of the maneuver was indicated by the press 

of a button that initiated the ramp down of the stimulation. The end of the STS maneuver for 

all subjects was determined by the peak initial impact force on the chair.

The marker trajectories were labeled and processed using the Vicon Nexus software (Vicon 

Motion Systems). The kinematic and analog data were processed using a 5th order low pass 

Butterworth filter with a cutoff frequency of 10 Hz. Ensemble averages for upper-limb 

force, vertical acceleration at the impact, and impact force for the STS maneuver were 

calculated. The maximum values in the vertical component of the right and left upper-limb 

forces for each trial were averaged together to find the peak upper-limb force. Vertical 

acceleration, or the acceleration at the time of impact, was determined using double 

differentiation from the trajectory of the sacrum marker and smoothed using a moving 

average filter (50 ms). The peak values were determined for the mean upper limb and impact 

forces and the acceleration at impact during the movement. To compare between subjects, 

the forces were normalized by body weight.

Data were analyzed utilizing Minitab 16 Statistical Software (Minitab Inc; State College, 

Pennsylvania). A one-way analysis of variance test with a 95 percent confidence interval (p 

< 0.05) was performed to determine the statistically significant differences between the 

nondisabled and SCI subject populations, as well as to determine whether there were 

significant differences within the populations.

RESULTS

Mean time to complete the STS maneuver differed significantly (p < 0.001) between 

nondisabled subjects (1.51 ± 0.45 s) and subjects with SCI using FNS (2.91 ± 0.36 s). 

Nondisabled STS involved a simple flexion of the knees and gradual lowering of the body, 

as can be seen in the lower row of images in Figure 2. Subjects with SCI, on the other hand, 

had a typical forward leaning posture and continually relied on the walker for upper-body 

support, as illustrated in the upper row of images in Figure 2. In general, the stimulation 

began to ramp down before the subjects with SCI initiated the STS, which is approximately 

Figure 2(a). The SCI subjects leaned forward, shifted the pelvis posteriorly, and flexed at the 

hip while supporting the upper body with the arms on the walker. This passively locked the 

knees in extension (Figure 2(b)), thus preventing initiation of the STS maneuver with knee 

flexion. When the stimulated muscles relaxed sufficiently and the passive extension moment 

at the knees was reduced by shifting the posture more posteriorly through upper-limb 

interaction with the walker, the knees were allowed to flex and the subjects began to sit 

down (Figure 2(c)). Figure 2(d) demonstrates progression of the maneuver by the 

participants, with the SCI and nondisabled subjects making contact with the chair in Figure 

2(e) and 2(f), respectively. The forward lean of SCI subjects until sitting down was 

completed and an upright seated posture was obtained, as further illustrated in Figure 2(f). 

When the duration of the maneuver for the SCI subjects was determined in the same way as 

for the nondisabled subjects (from the time of 3° knee angle deviation to the impact force), 

the total time to complete the maneuver was 1.15 ± 0.43 s. This was significantly faster from 

the time taken by nondisabled subjects to complete the STS (p = 0.006) and essentially 

represents a descent controlled primarily by upper-limb effort. About 93 percent of the 
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stimulation ramp down (or 1.86 ± 0.28 s out of the 2 s stimulation pattern) had been 

completed before a change in knee angle for the subjects with SCI occurred.

During the STS maneuver, the knee angle ranged between 0° (standing position) and 83.4° ± 

11.4° (sitting position) for nondisabled subjects and between 0° and 85.5° ± 8.03° for 

subjects using FNS. The hip angle ranged between 0° and 77.1° ± 6.5° for nondisabled 

subjects and between 0° and 66.7° ± 9.1° for subjects using FNS. There was no significant 

difference in the final knee (p = 0.75) and peak hip (p = 0.08) angles between the 

populations. The ending knee angle was influenced primarily by chair height and by the 

position of the feet relative to the subject’s final sitting position. While not controlled in the 

experimental setup (except for the requirement of one foot per force plate), the position of 

the feet remained constant for each subject, and both foot and final sitting position varied 

only slightly between subjects. The trunk, however, was unconstrained and subjects could 

move their hips and trunk freely as needed during the maneuver by interacting with the 

walker with their arms, resulting in the large variation in hip angle.

Figure 3 quantitatively shows the hip versus knee angles during STS. In general, as 

illustrated in Figure 2, the nondisabled STS maneuver exhibited approximately a 1:1 ratio of 

the hip-to-knee angle during the maneuver. Knee flexion readily took place as needed, 

proportionally with the hip. On the other hand, the SCI subjects maintained the knees locked 

in extension with the hips flexed as they leaned forward during the initial portion of the 

maneuver (this can be related to Figure 2(a)–(b)), resulting in a hip-to-knee angle ratio of 

approximately 2:1. When the stimulated muscles relaxed and the passive knee extension 

moment reduced by shifting posture (Figure 2(c)), the knees flexed rapidly between the 

angles of 20° to approximately 80° (Figure 3), while the hips remained flexed at 

approximately 50° to 60° as the subject leaned forward on the walker. The final curl of this 

graph indicates that the SCI subject was seated and extended the trunk to a more vertical 

posture, decreasing the hip angle. The peak knee angular velocity averaged 84.9 ± 27.0 °/s 

across all nondisabled subjects and reached a mean of 166.5 ± 60.3 °/s across all subjects 

using FNS. The knee angular velocity versus knee angle profiles during STS had similar 

shapes within the subject populations, as represented in Figure 4. The knee angular velocity 

for subjects using FNS was highly variable, especially beyond 40° of knee flexion, and was 

found to be significantly higher than nondisabled values (p = 0.03).

Peak Upper-Limb Force

The peak value of the averaged left and right upper-limb forces normalized by body weight 

during the STS maneuver after knee angle deviated by 3° from quiet standing for subjects 

using FNS (25.1 ± 5.1 %BW) was significantly higher (p < 0.001) than the nondisabled 

controls (7.2 ± 4.8 %BW), as shown in Figure 5. The peak value of the averaged left and 

right upper-limb forces during the STS maneuver (as determined by the start of the 

stimulation ramp down) for subjects using FNS increased to 27.0 ± 3.9 %BW and was not 

significantly different than the forces measured during the time of the maneuver determined 

by the change in knee angle. Within the nondisabled population, the peak upper-limb force 

for subject C was found to be significantly higher than the other nondisabled subjects, and 

the upper-limb force for subject D was found to be significantly less than for subjects B and 
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E. Within the population using FNS, the peak upper-limb force was found to be significantly 

lower for subject H than for the other subjects with SCI, and the upper-limb force for subject 

F was found to be significantly lower than for subject I. Comparing subjects in the different 

populations, the peak upper-limb force for nondisabled subject C was not found to be 

significantly different than SCI subject H.

Peak Vertical Acceleration

The peak vertical acceleration at impact was significantly lower (p < 0.001) in nondisabled 

controls (2.8 ± 0.9 m/s2) than subjects with SCI using FNS (17.0 ± 4.1 m/s2), as shown in 

Figure 6. There was no significant difference within the nondisabled population. However, 

the vertical acceleration at the impact for SCI subject F was found to be significantly higher 

than subjects G, H, and J. The vertical acceleration at the impact for subject G was found to 

be significantly lower than subject I, and the vertical acceleration for subject H was 

significantly lower than subjects I and J.

Peak Impact Force

The peak impact forces when the subjects initially made contact with the chair were 

significantly lower (p < 0.001) for nondisabled controls (71.3 ± 9.6 %BW) than subjects 

using FNS (141.0 ± 32.1 %BW), as illustrated in Figure 7. Within the nondisabled 

population, there was no significant difference. There was no significant difference between 

the impact forces for SCI subjects G, H, and I. However, the impact force for subject F was 

found to be significantly higher than subjects H and J but not significantly different from 

subjects G and I. Subject G had an impact force that was significantly higher than subject J.

Because the feet remained in contact with the floor throughout the maneuver, the final forces 

measured on the instrumented chair for the nondisabled controls were less than the total 

body weight. When standing, the ground reaction forces for the nondisabled subjects were 

generally symmetric and ranged between 35 and 50 %BW per leg. There were slight offsets 

between the right and left legs due to the natural tendency to shift the body weight between 

legs. On the other hand, subjects using FNS had more asymmetry in the ground reaction 

forces during standing, which ranged between 15 and 50 %BW per leg. This asymmetry and 

larger range of ground reaction forces may be due to differences in muscle strength as 

generated by the stimulation and lack of proprioception and sensory feedback. It is 

important to note that the upper-limb forces for the FNS users were symmetric between the 

right and left arms.

DISCUSSION

This study provides a comparison of the STS maneuver for nondisabled subjects and 

individuals with SCI using neuroprostheses with FNS for standing. Use of an open-loop 

ramp down stimulation pattern for sitting down in individuals with SCI resulted in larger 

upper-limb forces, vertical acceleration of the sacrum at impact, and sitting impact force as 

compared with nondisabled controls. Incidents of injury due to a lack of control during STS 

have not occurred over years of use by the numerous subjects implanted. The stimulation 

pattern used for the STS maneuver needs to be improved and optimized to better emulate 
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nondisabled STS. Doing so would allow descending onto a seating surface that may be 

harder or less cushioned than the user’s wheelchair, and the maneuver could be completed 

with less conscious or upper-limb effort. The time to complete the descent phase of the STS 

as measured from the initial change in knee angle was about the same for both subject 

populations. However, subjects with SCI tended to precede knee flexion with a posterior 

pelvic shift and hip flexion at the start of the ramp down pattern, which effectively may have 

resulted in a longer time to complete the entire STS.

Because the open-loop ramp down of stimulus pulse duration to the hip and knee extensor 

muscles was almost complete when the knees of the SCI subjects began to flex, a majority 

of the downward movement of the body was not resisted by eccentric contractions of the 

stimulated muscles but instead was controlled primarily by the upper limbs to slow descent. 

Subjects with SCI relied heavily on their upper limbs to support themselves throughout the 

maneuver, as indicated by the peak upper-limb forces that averaged 3.5 times (ranging 

between 1.7 and 12 times) those of nondisabled controls. Repetitive high peak forces on the 

upper limbs for individuals with SCI can lead to pain in the shoulders, an inability to push a 

manual wheelchair, and a lower quality of life [27–28]. Nondisabled subjects do not 

typically require use of their hands to sit down. The upper-limb forces measured for 

nondisabled controls were merely the weights of their arms resting passively on the 

instrumented walker and, as such, did not indicate a reliance on the upper limbs for support. 

Although subject C exerted a larger peak upper-limb force than the other non-disabled 

subjects, he did not exhibit any medical conditions that could cause difficulty in completing 

the maneuver. Despite the relatively high values for subject C, all of the nondisabled 

subjects’ upper-limb forces were still lower than those of the FNS users who relied on their 

arms for support. There was a difference in the peak upper-limb force between subject H 

and the other FNS users; however, it was not found to correlate with either a higher impact 

force or peak vertical acceleration compared with the other subjects with SCI. Stimulation 

patterns were comparable, and there were no significant differences between subjects of 

different sexes in height, weight, or time postinjury.

The vertical acceleration of the center of mass at impact for those using FNS was on average 

6 times (and between 3.5 and 11 times) higher than that of nondisabled subjects. The 

acceleration measured at impact for the subjects with SCI reached almost 2g. While it would 

only be possible to reach a maximum acceleration of 1g (the acceleration due to gravity) 

during free fall, the acceleration at the impact is technically a deceleration because the body 

is being slowed by the contact with the chair and can become higher than 1g. Snyder et al. 

performed a study on the impact tolerance of the human body from free fall events [29]. The 

peak resultant accelerations of the pelvis at the impact after free falls from 5 and 8 ft in that 

study ranged between 104 and 193g. The high accelerations at impact in that study verify 

the validity of the peak acceleration values we measured at impact during STS.

Impact forces for subjects using FNS were 1.3 to 2.8 times higher than for nondisabled 

subjects and approximately 1.1 to 1.7 times their own body weight. The non-disabled 

subjects are capable of controlling the eccentric contractions of their STS muscles [15–16], 

primarily the quadriceps, and utilize the resistive torque created by that contraction to slow 

their descent enough during the maneuver to experience a softer landing. This resulted in 
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impact forces that were less than total body weight. Because the subjects’ feet remained in 

contact with the ground during the entire maneuver, the weight of the legs was not included 

in the force measurement on the chair. Nondisabled subjects typically sit without arm 

support in a real-world environment but were asked to keep their hands on the instrumented 

walker during the maneuver in order to control for the potential influence of the assistive 

device used by the subjects with SCI. Using the walker would reduce the impact forces of 

the nondisabled participants, thereby minimizing differences with FNS users, whereas not 

using the walker would have made the maneuver impossible for the subjects with SCI. The 

experimental conditions used were therefore considered to be conservative. Yet, a 

significant difference in the impact force was still observed between the two subject groups.

It should be noted that the peak values for upper-limb force, vertical acceleration at impact, 

and sitting impact force may not have necessarily occurred at the same time during the STS 

maneuver. For example, the peak vertical acceleration at impact does not occur exactly 

when the peak upper-limb force occurs. In addition, the timing in the peak values may differ 

between subjects. In particular, the peak upper-limb force may occur early in the maneuver 

as individuals with SCI lean forward, while peak impact force by definition occurs later in 

the STS transition during seat contact. For this reason and to facilitate comparisons, peak 

arm forces were calculated in subjects with SCI only after their knee flexion angles deviated 

by 3° from standing, similar to the criteria used to determine the initiations of STS for 

nondisabled subjects. Nevertheless, peak arm forces with FNS far exceed those exhibited by 

nondisabled subjects.

Experiencing repeated high impact forces and accelerations at contact during STS is not 

ideal for neuroprosthesis users who lack normal sensation and should be further 

investigated. Although our subjects showed no signs of injury or discomfort due to repeated 

performance of the STS maneuver, animal studies using anesthetized domestic pigs 

investigated the immediate skin reactions after minor trauma and found deep muscular 

hemorrhaging to be more prominent in areas with a thin muscular layer when the 

vasculature was crushed by the underlying bone [30]. No specific thresholds or minimum 

velocities needed to cause hemorrhaging, or skin or deep tissue damage, were reported. For 

sitting down, the ischial tuberosity is the bony prominence that could potentially injure the 

nearby vasculature and cause hemorrhaging or skin damage in response to excessive or 

repeated impact.

The position of assistive devices, such as a walker, when sitting down may have influenced 

the inability to slow the maneuver using upper-limb strength. Nondisabled individuals have 

the option to place one or both of their hands on the chair armrests behind them to help 

control and steady the rate of descent while sitting down to minimize impact. That strategy 

is unavailable to subjects standing with FNS who rely on a walker in front of them to 

provide stability and to maneuver themselves into a good standing posture. Neuroprosthesis 

users need to push down on the walker with their upper limbs to move the trunk into an 

upright position. Moving one hand from the walker to place on an armrest behind their back 

can lead to instability and an increased risk of falling.
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Further observation of the STS maneuver with FNS revealed that the knees were locking as 

subjects prepared to start their descent. While standing, subjects with SCI were able to 

position themselves into a good, upright, and vertical standing posture, but consistently 

leaned forward and flexed at their hips as they prepared to begin to descend toward the 

chair. By the time the knees unlocked, the stimulation pattern was on average 93 percent 

complete and had nearly ramped completely off. Stimulating the knee flexors when 

beginning STS could potentially overcome the passive locking that occurs. This locking of 

the knees may not have allowed the users to descend slowly by gradually flexing the knees 

as the stimulation pattern ramped down and was likely to have contributed to both the high 

knee flexion angular velocities observed toward the end of the maneuver and high impact at 

contact with the chair.

Some of the limitations of this study include the relatively small sample size. Within the SCI 

population, there is also variation in injury level and sensation, upper-body strength, muscle 

set with implanted electrodes, and stimulation parameters. Although a power analysis was 

performed to determine the number of subjects and trials to be performed, a larger sample of 

nondisabled and SCI subjects would extend the generalizability of the results. A standard 

height was also selected for the chair, although the height of the subjects varied. Previous 

studies found that an elevated chair height reduces the angular displacements [31] and 

angular velocities [32] at the lower limbs in nondisabled subjects during sit-to-stand. In 

future studies, this potential source of variability could be controlled by individually 

adjusting chair height for each subject. Elevating chair height could also be a strategy for 

mitigating impact force and rate of descent during STS.

CONCLUSIONS

The current investigation demonstrated significantly greater peak values for upper-limb 

force, impact vertical acceleration, and impact force during the STS maneuver for FNS users 

than for nondisabled subjects. For subjects performing the STS maneuver using FNS, it is 

advised that a sufficiently thick protective cushion be provided on the seat to avoid soft 

tissue injury until the STS is better controlled. Further improvements in the control of 

stimulation and neuroprosthesis design are needed to normalize the STS maneuver. 

However, it still may not be possible to control the eccentric contractions of the primary 

muscles needed during sitting solely using FNS. Future work will involve closed-loop 

control of knee extensors, adding knee flexion to the stimulation pattern to reduce the 

passive locking of the knees in the beginning of the STS maneuver, or designing an external 

orthosis with knee damping for use in combination with FNS to provide a safe, controlled 

STS maneuver. Contracting paralyzed muscles with FNS in individuals with SCI has the 

potential to significantly improve quality of life by providing opportunity to exercise and 

options for performing numerous standing functions and transfers [20,33]. FNS users are 

satisfied with their implanted neuroprotheses, feel healthier because of using them, would 

undergo the implantation surgery and rehabilitation again for the same result, and would 

recommend them to a friend [34]. Usage patterns for implanted standing neuroprotheses 

remain constant and actually shift from exercise to functional standing over the course of the 

first year postdischarge [2], when most conventional long leg braces are abandoned [35–36]. 

An implanted system can also be more intimate and conducive to spontaneous use than 
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donning and doffing conspicuous external orthoses multiple times throughout the day. The 

potential functional outcomes and cost-benefit analyses when combining FNS with orthotic 

devices or wheelchair standing devices could also be evaluated in future studies designed to 

improve the control of the STS maneuver.
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Figure 1. 
Experimental setup for nondisabled subject performing stand-to-sit maneuver.
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Figure 2. 
Typical progression of stand-to-sit (STS) maneuver demonstrated by subject I with spinal 

cord injury using functional neuromuscular stimulation (FNS) (top row) and nondisabled 

subject D (bottom row). In example shown, ramping down of stimulation for subject I was 

initiated 1.8 s before frame (a), which illustrates only last 10% of stimulation pattern. 

Stimulation ended after frame (a) and no further stimulation was applied for frames (b)–(f). 
Subjects using FNS typically initiated STS maneuver by leaning forward while stimulation 

was decreasing (a) and exaggerated flexion of hips (b), which led to passive locking of 

knees even after cessation of stimulation. Once their stimulated muscles were relaxed and 

posture changed to unlock knees, knees would flex (c) to allow descent toward chair (d)–(f).
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Figure 3. 
Representative hip-knee angle plot with standard deviations for nondisabled control (Able-

bodied) and subject with spinal cord injury (SCI) using functional neuromuscular 

stimulation (FNS). Hip and knee angles of nondisabled stand-to-sit (STS) maneuvers 

approximately follow a 1:1 ratio (dotted line). Subjects using FNS began STS maneuver 

with large flexion at hips in relation to knees for ~2:1 hip-knee angle ratio (thick solid line) 

but then shifted to rapid change in knee flexion with relatively little change in hip flexion for 

hip-knee ratio closer to 1:4 in latter part of maneuver.
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Figure 4. 
Representative knee angular velocity with standard deviations for typical nondisabled 

control (Able-bodied) and subject with spinal cord injury (SCI) using functional 

neuromuscular stimulation (FNS) during stand-to-sit (STS) maneuver. Knee angular 

velocity for nondisabled participant was relatively constant throughout STS maneuver 

(dotted line). Knee angular velocity for subject using FNS increased to maximum in later 

stages of maneuver (thick solid line) and consistently peaked at values far exceeding those 

of nondisabled control.
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Figure 5. 
Mean ± standard deviation peak upper-limb forces during stand-to-sit maneuver for each 

subject. Peak values were averaged within nondisabled (Able) and spinal cord injury (SCI) 

groups to compare between the two populations. *p < 0.05.
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Figure 6. 
Mean ± standard deviation peak vertical accelerations at impact during stand-to-sit 

maneuver for each subject. Peak values were averaged within nondisabled (Able) and spinal 

cord injury (SCI) groups to compare between the two populations. *p < 0.05.
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Figure 7. 
Mean ± standard deviation peak impact forces during stand-to-sit maneuver for each subject. 

Peak values were averaged within nondisabled (Able) and spinal cord injury (SCI) groups to 

compare between the two populations. *p < 0.05.
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