ABSTRACT
MCCALL, JAMES VAUGHN. Assessment of Finger Individuation and Development of Finger
Individuation Training Platform for Children with Hemiplegic Cerebral Palsy. (Under the
direction of Dr. Derek G. Kamper).
Cerebral palsy (CP) is a common motor disorder with a high incidence rate in the U.S.
(~0.3% of the population). For the 800,000 people living with CP in the U.S., the disorder can
severely impact the entirety of their lives. CP can affect a wide variety of motor functions, such
as gait or speech, as well hand function. Poor motor control of the hand due to cerebral palsy
contributes significantly to the inability of many people to live independently or work.
In Chapter 1, we performed a review of literature on hand function assessment of
children with CP. This review was focused on children with hemiplegic cerebral palsy (hCP) as
they represent a large portion of the CP population and are often very keen to explore hand
rehabilitation. We identified finger individuation as an important aspect of hand function that has
received little attention for the hCP population.
In Chapter 2, we characterized the finger force individuation and movement individuation
of 10 typically developing children and four children with hCP and found the relationship of
these measurements to a clinical assessment of unimanual hand function. We used a custom
finger force assessment platform to measure force individuation, and camera-based motion
capture to assess movement individuation. High-density (HD) electromyography electrode
arrays, placed over the extrinsic and intrinsic hand muscles, measured the activation patterns of
hand muscles during individuated movement.
In Chapter 3, we assessed the contribution of each brain hemisphere to the control of
individuated finger forces using transcranial magnetic stimulation (TMS). TMS was used to
characterize the neural basis of finger individuation deficits and the relative contribution of each
hemisphere to individuated finger control.

Lastly, in Chapter 4, we developed elastomer-based soft actuators for a glove exoskeleton
to assist finger extension. These actuators were tested empirically; finite element model
simulations were also performed to estimate variables difficult to measure in experiments, such
as flow rate in the channel. These actuators were integrated into an instrumented glove and
virtual reality environment, designed to facilitate targeted finger individuation training.
This work characterized hCP finger individuation deficits, examined their neural basis,
and developed new soft actuators for a finger individuation training platform. The data generated
and development of the training system will allow for better assessment of functional deficits and
allow clinicians to rehabilitate finger individuation capability in a targeted manner.
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CHAPTER 1:

INTRODUCTION

Adapted from J. McCall et al., “Hand Function Development of Children with
Hemiplegic Cerebral Palsy: A Scoping Review”, J. Pediatr. Rehabil. Med. (Accepted
August 2021)
1.1

Hemiplegic Cerebral Palsy and Hand Dexterity
Cerebral palsy (CP), arising from neurological damage incurred during the prenatal,

perinatal, or early postnatal periods [1], is one of the most common movement disorders among
children. CP occurs in approximately 3 out of every 1000 births [2]. The vast majority of
individuals with CP live into adulthood, thereby resulting in roughly 800,000 Americans dealing
with the effects of CP [3]. The variety of chronic impairments resulting from the initial brain
injury may greatly affect economic opportunities and societal participation. The associated costs
of care and lost economic opportunity due to CP were estimated to be as high as $17 billion
annually in 2004 (adjusted to 2016 dollars) [4].
Hemiplegic CP (hCP), the second most common form of CP [5], affects sensorimotor
function of the limbs predominantly on one side of the body, often to a greater extent in the
upper extremities. Almost half of all children with hCP have greater impairment in their upper
limb than in their lower limb [6]. Within the upper limb, the hand is most likely to be impaired
[7]. Hand impairment can lead to substantial disability since the hand is the primary means of
interacting with the world. As 96% of all children with CP live into adulthood, chronic hand
dysfunction will impact employment, recreational, and social opportunities impairment for
decades [8].One of the primary impairments in individuals with CP is diminished sensorimotor
control, potentially impacting the function of both the upper and lower limbs. Deficits are
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especially marked in the distal upper extremity; children with hemiparetic cerebral palsy (hCP)
are most impaired in the upper limb, and especially the hand, in over 50% of cases [6].
1.2

Literature Review of Hand Function in Children with Hemiplegic Cerebral Palsy
We decided to perform a literature review to better understand the current state of

knowledge regarding the hand impairments associated with hCP and how sensorimotor deficits
manifest over time. Despite the importance of the distal upper limb to overall function, reviews
focused on characterization and quantification of deficits in the hand of children with hCP have
been relatively limited. While a prior review article did examine quantitative measures of upper
limb impairments in hCP, the primary focus was on reach, with relatively few cited studies
describing grasp in conjunction with reach [9]. Other review articles describing upper limb
sensorimotor control in children with CP have been limited in scope, restricted to areas such as
clinical assessments and their reliability [10–12], three-dimensional limb kinematics, or
bimanual task performance [9,13]. Thus, the study of motor control of the hand itself has not
been well characterized. Furthermore, because past reviews focused on reliability of the
assessments, they typically did not provide the absolute values of measures that could inform
assessment of performance in children with hCP.
Since past reviews have preferentially focused on the arm rather than the hand, and on
assessment of evaluation measures rather than the values of these measures, a review of
published articles was warranted to address these gaps in knowledge. We performed a scoping
review to allow for a broad search of the literature that would identify and summarize original
research focused on assessing hand function in children with hCP. Primarily, this review was
intended to provide an overview of quantitative measures of hand function in children with hCP
and to create a summary of the current state of research in this area. This was accomplished by:
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summarizing the results of common quantitative measures and assessments of hand function in
children and adolescents with hCP; examining the extent of methodological variation for
different hand assessments for children; and identifying areas for further research. While both
qualitative and quantitative assessments can provide important information about hand
impairment, this scoping review was limited to quantitative measures, as they enable more direct
comparisons between children that can give insights into the underlying causes and effective
treatments of hand function in hCP.
1.2.1 Methods
This work presents a scoping review of quantitative measures assessing hand function
and associated brain activity in children (18 years old or less) with hCP. Search and data
inclusion protocols were written prior to the start of the search, and this review was written to
comply with Joanna Biggs Institute scoping review protocol requirements. Table 1.1 summarizes
the inclusion/exclusion criteria for this scoping review. A comprehensive search for original
research journal articles of the following databases was conducted in May and June of 2018 and
updated in October of 2019: PubMed, PEDro, Web of Science, CINAHL, and SpringerLink.
Conference proceedings and review articles were excluded to avoid potential “double counting”
of the same data set appearing in multiple publications. The searches were performed using the
combined keywords “cerebral palsy” and “hemiplegia”, “hemiparetic” or “unilateral” to capture
the population and “hand” to focus the search. These required terms were combined with
optional terms that described different measures and outcomes (e.g., ‘’strength’, ‘force’,
‘kinetics’, ‘EMG’, ‘activation’, ‘brain’, ‘imaging’, ‘skill’, ‘function’, or ‘motor’). Articles using
all types of study designs were included but some articles were excluded based on criteria such
as subject population and characteristics of the reported data. To focus on hand function in
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children, articles had to have three or more participants aged 18 years or under for inclusion.
Results were limited to articles available in the English language due to a lack of access to
translation services. No restriction was placed on the date of publication. As upper limb surgery
or botulinum toxin treatment would acutely alter the natural progression of sensorimotor control,
data collected following these interventions were excluded. Pre-operative data were included.
After examining the relevant papers, common measures were selected for evaluation and
data extraction. For clinical assessments that evaluated the same or similar components of hand
function, the most common assessment was used. Articles that assessed children (18 years of age
or under) with hCP with at least one of the following quantitative measures of hand function
were included: pinch strength, finger forces, grip strength, range of motion (ROM),
electromyograph (EMG), two-point discrimination (2PD), pegboard tests, Box and Block Test
(BBT), Jebsen-Taylor Test of Hand Function (JTTHF) [14], Melbourne Assessment of Unilateral
Upper Limb Function (MUUL) [15], and the Assisting Hand Assessment (AHA) [16]. While this
list is not exhaustive (e.g., the SHUEE [17]), preliminary analysis had revealed that this set
included popular means of evaluation while covering a range of sensorimotor characteristics.

4

Table 1.1: Inclusion/Exclusion Criteria Summary
Inclusion Criteria
Exclusion Criteria
Hemiplegic cerebral palsy
Participant age of 18 years or less

Not available in English language
Upper limb surgery or botulinum
injection within six months prior to the study

Sample size of 3 or more

Conference proceeding or review
article

Includes one or more of the identified
hand function measures

The searches of the five databases yielded 1536 articles. The title and abstract of each of
these articles was reviewed to screen them for potential inclusion in the review and their search
results and inclusion decision were entered in shared data record. In cases where a determination
could not be made from the abstract alone, the entire text was examined. Articles that failed to
contain data that fit into one of the chosen categories (quantitative neuromechanics, clinical
assessments, and clinical functional evaluations) were excluded from further analysis
Once the list of selected articles was finalized, the identified quantitative measure(s),
along with participant ages, neurological status, assessment results, and MACS, GMFCS or
Zancolli scores, were extracted from each article. The mean values for each group for participant
age and characteristics and assessment outcomes in each study were extracted or calculated from
reported values for individuals. In some cases, articles reported averaged values for all
participants or groups of participants. In some cases, data for individual participants was also
obtained, and data for each individual was screened for exclusionary criteria (age, hCP status)
and the included data values were averaged or charted separately. Mean assessment outcomes
were charted against mean ages or MACS scale. Data sets were identified as being associated
with: children with hCP or typically developing (TD) children; paretic hand, non-paretic hand,
5

dominant hand, or non-dominant hand. Where practical, the sources for specific data points
were identified in the legend and distinguished by marker shape and/or color. Studies reporting
data from both the paretic and non-paretic hands may be referenced twice in a figure legend.
Trend lines were added to figures to provide a rough visual guide; the trend lines were created by
computing a least-squares linear fit to the data.
1.2.2 Results
Of the 1536 unique articles identified through the searches, 327 articles met the inclusion
criteria for full text review. A total of 131 of the 327 articles met the inclusionary/exclusionary
criteria in terms of subject number and age and the type of data collected (Figure 1.1). The other
196 articles were primarily excluded due to a lack of quantitative data, the inclusion of multiple
forms of CP, or comingling of data from subjects over 18 years of age.
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Figure 1.1: PRISMA diagram of article selection. A total of 327 articles were assessed; 131 articles
met the desired criteria and were included in this review.

Of the 131 articles included in the review, 72 described neuromechanics, 34 evaluated
clinical assessments, and 67 included data for functional evaluations. Most articles reported data
covering more than one of the categories; in these cases, each qualifying set of data was reported
separately in the appropriate section. Below, selected results from the literature review are
presented.
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1.2.2.1 Pinch
Of the 12 articles that measured pinch force, 8 articles included data for one or both
hands of children with hCP; some also included pinch force data for both hands in TD children
or normative data [18–25]. Data from these articles were aggregated (273 participants in total) to
provide an overview of the development of lateral pinch strength with age in children with hCP.
Data for the TD non-dominant hand showed a mean lateral pinch strength of roughly 44
N at 6.5 years of age. Lateral pinch strength for the TD children increased up to 69 N by age 12
(Figure 1.2). Lateral pinch strength was considerably lower even at a young age in the paretic
hand in children with hCP, with a mean value of 19.0 N (44% of the TD value) at 8.2 years old.
In contrast to the TD subjects, pinch strength showed no increase with age for the paretic hand in
hCP subjects. Thus, hCP pinch strength was less than 29% of the TD value at age 12 (Figure
1.2)); impairment relative to TD children increased.
Across the studies, the dominant hand in TD children had a mean lateral pinch strength of
44 N at 6.5 years old and this value increased to 69 N by the age of 12.0 (Figure 1.2)). These
pinch values were slightly less than the values reported for the TD non-dominant hand. Mean
lateral pinch strength for the non-paretic hand in children with hCP was around 38.7 N, a value
similar to the dominant hand in TD children, at 8.5 years old of age. Unlike the situation for the
paretic hand, strength in the non-paretic hand increased with age, up to 50 N for 11-year-olds
(Figure 1.2)). For the 6.5-year-olds with hCP, maximum lateral pinch was three times greater
for the non-paretic hand in comparison with the paretic hand. This disparity was almost four-fold
for 15-year-olds.
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Figure 1.2: Maximum lateral pinch vs. age. A) The paretic hand in children with CP (red symbols, y =
2.97x - 4.086) and the non-dominant hand of TD children (blue symbols y = 2.00x + 31.69). Data
aggregated from eight articles with a total of 257 participants with CP, 16 TD participants, and TD
normative data. Trend lines represent a linear fit to the aggregated data. Reported paretic hand data
appears to increase with age but was less than non-dominant hand strength at all ages. B) Maximum
lateral pinch strength for the non-paretic hand of children with CP (red symbols y = 2.73x + 38.22) and
the dominant hand for TD children (blue symbols y = 3.53x + 24.56). Values for non-paretic hand exhibit
a more normative increase with age. Red symbols are associated with data from the paretic hand, blue
symbols are associated with data from the non-paretic hand. Marker symbols indicate that each group of
markers come from the same study. [18–25].

1.2.2.2 Finger Forces
Three articles were included in the review which examined finger flexion force or finger
extension force. Participants ranged in age from 6.5 to 12.5 years old [26–28]. Finger flexion
force was evaluated by having the index and middle fingers press together on a lever. The finger
flexion force of the dominant and non-dominant hands of TD participants tended to be greater in
older children, with similar values for both hands (dominant hand: 20N at 6.5 yrs and 40 N at
12.5 yrs; non-dominant hand: 18N at 6.5 yrs, 38 N at 12.5 yrs).
The finger flexion force values of participants with hCP were substantially reduced
compared to the values for TD children, although older subjects with hCP were generally
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stronger than younger children with CP (8 N at 6.5 yrs, 14 N at 10.9 yrs, 12 N at 12.5 yrs)
[26,27]. The reported non-paretic finger flexion force of participants with hCP was relatively
high for younger children but low for older children (non-paretic hand: 35N at 6.5 yrs and 25 N
at 12.5 yrs). Only one of the articles located by the search reported measurements for extension
force; the actual fingers used in the measurement, however, were not specified [28].

1.2.2.3 Range of Motion (ROM)
Studies investigated active range of motion (AROM) in both the wrist and digits of the
hand. One article found a significant negative correlation between AROM of the wrist and the
Ashworth score for the finger flexors [29]. Additionally, AROM was generally decreased in
individuals who exhibited high variation of force (60% coefficient of variation or higher) when
attempting to maintain an isometric force [29]. One article reported wrist ROM achieved during
performance of several upper limb tasks [30]. Three articles, totaling 144 participants ranging in
age from 4.6-7.8 years, reported AROM for the wrist together with either the Manual Ability
Classification System (MACS) or Gross Motor Function Classification System (GMFCS)
classification [31–33]. These articles reported that participants with higher overall function had
greater wrist AROM. Participants classified as GMFCS I and either MACS I or II had a mean
wrist AROM of 105°, while participants classified as MACS III had a mean wrist AROM of 22°.
A fourth study reported maximum active wrist extension, together with Zancolli classification,
for 20 children with hCP [29]. Those children classified as Zancolli I could achieve 27° of wrist
extension beyond the neutral position, while those classified as Zancolli IIB could not extend the
wrist beyond 42° of wrist flexion relative to the neutral position.
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1.2.2.4 General Kinematics
Thirteen articles that analyzed hand or finger kinematics were identified [30,34–45].
Almost all these studies, however, examined displacement of the hand relative to the body or to
an object rather than rotation of the joints of the digits. A few studies have tracked wrist joint
angles during upper limb movements. Mutsaarts et al. measured the joint angles at the wrist,
elbow, and shoulder during reaching and grasping. They reported differences in the velocity
trajectories between children with hCP and typically developing children [44]. Mailleux et al.
placed markers on the trunk, acromion, humerus, forearm, and hand and performed threedimensional motion analysis on the upper limb during hand-to-head, hand-to-mouth, and reachto-grasps tasks in children with hCP [43]. They found significant differences in the upper limb
movement pathology among children with different impairment levels, as measured with MACS.
Gaillard et al. 2019 created a method of using 3D kinematic assessment of bimanual
performance in a game-like situation [30]. They were able to successfully use this system to
detect differences in upper limb kinematics between typically developing children and those with
hCP.

1.2.2.5 EMG
While use of EMG recordings was limited in the reviewed studies, three articles did
measure wrist EMG signals during various hand tasks. One article found that muscle activation
and coactivation in the wrist flexors and extensors were increased in the paretic hand when
compared to the non-paretic hand during grip [46]. Another article described a correlation
between grip and pinch and the integral of the EMG signal envelopes (IEMG) of the paretic wrist
muscles (flexor carpi radialis and extensor carpi radialis) [47]. During grip, the children with
hCP had significantly lower wrist IEMG values than TD children. No differences were detected
in the arm IEMG (biceps and triceps). During pinch, the arm and wrist IEMG activations were
11

not significantly different between the CP and TD children [20]. Some studies discussed EMG
but their results did not directly relate to hand function [48].

1.2.2.6 Magnetic Resonance Imaging (MRI)
Due to the disparity in methods used for acquiring and analyzing MR data, it was difficult
to draw comparisons across the 49 studies reviewed which reported MRI and hand function data
for children with hCP. Seven articles reported MRI data which was not easily comparable to
other studies and did not include any of the other functional or clinical measurements sought for
in this review [49–55]. Data from nine representative articles are presented: one reported
asymmetry indices (AI) obtained from diffusion tensor imaging (DTI) data, four reported
laterality index (LI) scores obtained from fMRI data, and four reported relationships between AI
or LI scores and hand function measurement scores [56–64]. Five of these studies examined the
relationship of AI or LI to MACS or GMFCS [56–60]. The AI values were calculated using the
cross-sectional area of the corticospinal tracts at the level of the middle of the cerebellar
peduncles [56]. Higher GMFCS levels (indicating a lower level of functioning) were associated
with lower AI values. TD children had an average AI value of 0.99, while children with hCP
GMFCS I had an average AI value of 0.54 and children with hCP GMFCS II had an average AI
value of 0.45. Greater symmetry between the corticospinal tracts (indicated by an AI score
closer to 1) has been associated with better scores on tests of digital dexterity, manual dexterity,
stereognosis, and the ABILIHAND-Kids score [61]. The LI values were calculated using fMRI
data recorded during cyclical squeezing of a sponge ball or extending and flexing the fingers at a
rate of 2 Hz [57–60]. An LI = 1 indicates contralateral activation, LI = 0 indicates bilateral
activation, and LI = -1 indicates ipsilateral activation [58]. The studies reported that higher LI
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scores (closer to 1, thereby indicating activation of the contralateral hemisphere) were associated
with less impairment, as measured with MACS (Figure 1.3).

Figure 1.3: Laterality index (LI) values for children with hCP and TD children. [57–60] LI = 1
indicates activation entirely of the motor cortex contralateral to the hand; LI = 0 indicates bilateral
activation; and LI = -1 indicates ipsilateral activation.[58] Greater contralateral activation was associated
with less impairment. Trend lines indicate linear fit to LI data (y=-0.196+0.742). Marker symbols
indicate that each group of markers come from the same study.

Several studies also reported associations between MRI measurements and performance
on tests of hand function and sensory capability. One study found that improved AHA and
MUUL scores were associated with more symmetrical cortical spinal tracts as measured by DTI
[62]. One study found that LI values closer to 0 during bimanual tasks, indicative of better
symmetry, tended to be associated with better performance on MUUL and AHA [63]. One study
found that better two-point discrimination performance was associated with higher LI values for
the primary and secondary somatosensory cortexes [64].
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1.2.2.7 Purdue Pegboard Test
Ten articles described outcomes for subjects performing the Purdue Pegboard Test (PPT),
an assessment requiring a participant to place as many pegs as possible (up to 50) in holes within
30 seconds [39,44,65–72]. The aggregated data from these studies came from 175 participants
with hCP who ranged in age from 8 to 18 years.
Aggregated data show a trend for increasing PPT score as age increases from 8 to 19
years old for participants with hCP. TD participants scored higher on the PPT with their nondominant hand than their hCP counterparts did with their paretic hand. Values for the non-paretic
hand in children with hCP were quite similar to those of the dominant hand in TD children for
the ages studied.

1.2.2.8 Jebsen Taylor Test of Hand Function (JTTHF)
Scores for the JTTHF, requiring the participant to perform a set of 7 tasks with one hand,
were evaluated from 32 of the articles reviewed. From the mean data reported for different age
groups for the 32 studies, it can be seen that across a range of ages (6 – 15 years old), children
with hCP required substantially more time to complete the JTTHF with their paretic hand (Figure
1.4) [22,57,59,60,73–100]. In contrast, times for the non-paretic hand were quite similar to those
of TD children. Seven studies provided individual data, including that from older children.
These data suggest that JTTHF performance with the paretic hand may improve with age (Figure
1.4) [57,59,92,93,101–103]. The combined data from these seven studies shows that children
younger than 10 years old had an average paretic hand JTTHF time of 449 seconds, while those
older than 10 had an average JTTHF time of 242 seconds, still well above the time achieved with
the non-paretic hand average (48.4 seconds) or by TD children with the dominant hand (38.4
seconds).
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Figure 1.4: A) Average JTTHF times reported across 32 studies. [22,57,59,60,73–100]. Times for
children with CP demarcated with shades of red (paretic hand: red symbols and linear fit, y = -11.25x +
426.6; non-paretic hand: magenta symbols and linear fit, y = -1.43x + 34.04). Times for TD children
demarcated with shades of blue (dominant hand: cyan symbols and linear fit, y = -0.664x + 45.08.; nondominant hand: blue symbols and linear fit, y = -13.63x + 222.85.) B) Individual JTTHF times vs. age for
the paretic hand of children with CP from seven studies. [57,59,92,93,101–103] Regression: y = -21.66x
+ 566. Marker color and symbols indicate that each group of markers come from the same study.

1.2.3 Conclusions
In general, paretic hand function of children with hCP was worse than for the non-paretic
hand or the dominant or non-dominant hands of TD children. For example, for both pinch and
grip, substantial force deficits were evident in the paretic hand relative to the non-paretic hand or
the hands of the TD children [19,20,91,104–106]. While absolute strength improved with age,
relative deficits in comparison with typically developing peers stayed the same or even worsened
with age. For older children with hCP, grip and pinch strength in the paretic hand was typically
reduced by more than 50% in comparison with values for TD children. Strength of the nonparetic hand, however, was similar to that of the hands of TD children. Measures of hand
dexterity, such as the JTTHF, showed greater relative improvement in performance with the
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paretic hand, although completion time in older children with hCP was on average 6 times
greater than for their TD peers.

1.2.3.1 Functional Performance
The use of standardized instruments, such as the JTTHF, facilitated aggregating data in
order to examine performance across a large cohort and range of ages. General trends showed
that older children with hCP typically performed better on the tasks with their paretic hand than
younger children with hCP, although scores continued to lag those of the non-paretic hand or of
typically developing children. In contrast to the strength measurements, the deficits of the paretic
hand relative to scores of the TD hands tend to decrease with age. Part of the reduction may be
attributable to a ceiling effect for time to perform a task (e.g., JTTHF) or number of objects that
can be moved (e.g., PPT). Additionally, or alternatively, older children may have better learned
how to best exploit existing capabilities of the paretic limb to perform tasks.
The clinical instruments included in this review place different relative requirements on
hand and arm control and their coordination. The Purdue Pegboard Test, for example, may
require considerable arm and trunk control to position the hand away from the body to complete
the task. Other measures may better capture fine manual dexterity. Several the tasks of the
Jebsen-Taylor Test of Hand Function focus on precise finger movements with limited arm
movement. For the articles included in this review, the JTTHF was the instrument used most
often. It has the added advantage that normalized data for the JTTHF have been produced for
age ranges 5-19 years old in TD children [107,108].
Despite the profound functional role of the hand, sensorimotor characteristics of the hand
have been studied to a lesser extent than those for the rest of the arm in children with hCP. The
specific impairment mechanisms of the hand remain incompletely understood, thereby limiting
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the capacity to target therapy for the individual. Data were especially limited for kinematics and
kinetics of individual fingers and the thumb and both voluntary and reflexive muscle activation
patterns. These data are needed to better mitigate possibly life-long disabilities.
1.3

Identification of Individuation as Understudied Area
Finger flexion forces for children were lower than their TD peers. Presumably force

deficits are even greater for wrist and finger extension, but relatively few studies have examined
finger extensor strength, despite prevalent deficits in hCP [28]. Only a few articles employed
load cells to quantify fingertip forces [26–28]. Potential issues such as involuntary finger force
coupling or differences in relative weakness across fingers require further investigation to direct
rehabilitation efforts.
Most of the reviewed kinematic analyses focused on active or passive range of motion of
the wrist or on reach-to-grasp tasks. Use of technology, such as 3D motion tracking, was limited
to gross movement and was not used to examine movement of the fingers. Greater range of
motion was associated with higher motor function and 3D kinematic analyses were successfully
used to discriminate between children with different MACS levels.
The AROM of the paretic wrist could be quite limited, and greater wrist AROM was
associated with higher function [31–33], as determined by the MACS or Zancolli scales.
However, examination of finger and thumb movement was quite limited. The use of available
measurement sensors and technologies could facilitate fully three-dimensional kinematic
analyses of digit motion. Simultaneous tracking of individual digits, for example, would allow
evaluation of finger individuation and fine motor control.
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The results from the literature review highlighted that fine motor control of the hand has
not been well described in children with hCP. Studies quantifying kinematics or kinetics have
tended to focus on the entire upper limb or gross control of all fingers together.
Finger individuation, the ability to independently produce movement or force with each
digit, is especially likely to be affected for children with hCP. Children with CP often exhibit
diminished ability to independently generate finger forces or finger movement, thereby adversely
impacting task performance. As individuation capability is responsible for 61% of total hand
function [109], loss of individuation can profoundly impact overall function, especially as
modern tools require an ever increasing degree of manual dexterity to operate. Individuation
capability is well characterized for post-stroke adults [110–112], and some attention to this
aspect of hand function has been given to adults with CP [113,114]. Yet, surprisingly few studies
have addressed finger individuation in children with hCP. Because finger individuation and
finger strength can improve independently [111], it is necessary to measure and rehabilitate
finger individuation specifically.
1.4

Dissertation Outline
The goal of this project was thus to further the characterization and the understanding of

the mechanisms leading to individuation deficits in children with hCP. The ability to
independently control each digit in terms of movement and force production was assessed in
children with CP and TD children. Neural control was evaluated with high density EMG
electrode arrays and transcranial magnetic stimulation. As the ultimate goal of this research was
to improve fine motor control, research was also undertaken to facilitate hand rehabilitation in
children with hCP. Namely, a novel pneumatic actuator for a soft hand exoskeleton was
developed and evaluated.
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1.4.1 Chapter 2: Characterization of Individuation Capability
The individuation capability of typically developing children and children with hCP was
evaluated. Participants performed individuated finger presses, individuated finger flexions, and
completed a clinical evaluation of unimanual hand function (Jebsen-Taylor Test of Hand
Function) [112,115]. Results between TD children and children with hCP were compared, and
results between the paretic and non-paretic hands of the children with hCP were compared. This
characterization of individuation capability sought to determine the extent of individuation
deficits and the relationships between force individuation, finger movement individuation, and
clinical assessments.
1.4.2 Chapter 3: TMS
An experiment was designed to the determine the contributions of the ipsilateral and
contralateral hemispheres of the brain in children with hCP and TD children to control of
individuated finger force production. TMS was used to evoke finger force during a resting state
and during production of motor imagery of paretic/non-dominant finger force flexion [116].
TMS was also used inhibit motor areas during voluntary force production to estimate the relative
contribution of those areas to individuation [117] .
1.4.3 Chapter 4: Actuators and AVK
A finger individuation training platform, based on the Actuated Virtual Keyboard system
[112], was refined and made portable. The system is intended be used by populations with
impaired hand function which might benefit from the system promoting targeted, and repetitive
practice of individuated movements. The pneumatic finger extension actuators for this system
were redesigned for fabrication out of elastomeric material. The new soft actuators were
designed according to requirements for easy fabrication, high extension torque and low passive
bending resistance. Various actuators designs were created. These were tested using finite
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element model simulations to compare passive bending resistance, extension torque, and air flow
characteristics. Based on the simulation results, several actuator designs were fabricated, and the
performance of the actuator designs were characterized. Based on the optimal design of the
pneumatic channel, a prototype finger extension exoskeleton was created using the elastomer
actuators incorporated within an athletic glove.
1.4.4 Chapter 5: Conclusions
In the last chapter, the results and implications of the experiments and training platform
development are discussed. Future testing of the target population and testing and use of the
training platform are also discussed.
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CHAPTER 2:

Kinetic and Kinematic Assessment of Finger Individuation Capability
of Children with Hemiplegic Cerebral Palsy

Adapted from: J. McCall et al., “A Platform for Rehabilitation of Finger
Individuation in Children with Hemiplegic Cerebral Palsy”, in 2019 16th ICORR
2.1

Introduction
With an incidence of three of every thousand lives births, cerebral palsy (CP) is the most

common movement disorder in children. Currently, 800,000 people in the U.S. alone are living
with CP [3,118], a condition resulting from a non-progressive brain insult. The majority of
children with CP commonly experience impaired hand function [6,7], which can adversely
impact quality of life and participation in society. As most children with CP live into adulthood
[8], the impairments will affect functional capabilities for decades. Traditional therapies are
typically unable to fully restore hand function; key aspects of manual dexterity, such as finger
individuation, are often not adequately targeted for rehabilitation.
Almost half of all children with hemiplegic cerebral palsy (hCP), the second most
common form of CP, experience greatest impairment in the upper limb [6], particularly in the
hand [7]. Our literature review (Chapter 1) confirmed that fine motor function of the hand is
compromised in the paretic hand of children with hCP, but that the way these deficits present is
not well characterized. One aspect of fine motor function, finger individuation, is can be used to
predict the majority of variance in hand function [109]. While finger individuation has been
characterized in neurotypical adults and post-stroke adults [110,115,119,120], similar studies for
children with hCP are lacking. Deficits and impairment mechanisms may differ greatly between
adult stroke survivors and children with hCP, due to the injury occurring to a developing neural
system in the latter group.
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Thus, further study of fine motor control in children with hCP is warranted. Evaluation of
finger individuation capability would facilitate identification of individuals who might benefit
from targeted training of finger individuation. Control of both individuated fingertip motion and
force production are important for function. As neurological control of these two aspects of
finger function may differ [121], evaluation of both aspects of individuation is needed to
characterize sensorimotor control of the hand. Additionally, force and motion control may
require distinct training paradigms to spur improvement in individuals with neurological
impairment [99].
For this study, we examined both individuated force and movement production across all
five digits in both hands of children with hCP and in typically developing (TD) children. Muscle
activation patterns were assessed with high-density electromyographic (HDEMG) electrode
arrays. We hypothesized that children with hCP would have poorer ability to create force and
movement individuation in their paretic hand than in their non-paretic hand or than TD children
would demonstrate with either hand. We further hypothesized that TD children would have no
significant difference in individuation capability between their dominant and non-dominant
hands, as force individuation is roughly equivalent between hands in adults [115], and finger
individuation may approach maturity in performance around 10 years of age [122].
2.2

Methods

2.2.1 Participants
Children with hCP and TD children participated in the study. All participants were
required to be 8-14 years old and to be free of orthopedic issues affecting use of the hand or arm.
Children with hCP needed to have a Manual Ability Classification System (MACS)[123] score
of I, II, or III to qualify . Participants provided informed written assent, and their parents provide
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informed, written consent to participate in the protocol. The protocol was reviewed and approved
by the Institutional Review Board of the University of North Carolina at Chapel Hill.
2.2.2 Experimental Protocol
Fine motor control was evaluated in both hands of each participant using three different
assessments: Jebsen-Taylor Test of Hand Function (JTTHF), finger force individuation, and
finger movement individuation. Each participant first performed all seven timed sub-tests of the
JTTHF [14]. with the non-dominant or paretic hand. They then completed these tests with the
dominant or non-paretic, hand.
During evaluation of force individuation, participants sat in a chair with their shoulder
abducted (~45°) and the forearm pronated and supported using foam blocks. Each hand was
tested separately. During assessment each digit tip rested on a separate six degree-of-freedom
(DOF) load cell (Nano-17 or Mini40, ATI Industrial Automation, Cary, NC) (Figure 2.1). The
position and orientation of each load cell were adjusted to fit each hand using mounting
hardware such as adjustable ball-and-socket joints (RAM MOUNT, Seattle, WA), and magnetic
bases. The hardware was positioned such that the wrist was in a neutral position and the digits
were fully extended (Figure 2.1).
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Figure 2.1: Participant’s fingers resting on five 6-DOF load cells. The forearm is supported, and the
wrist is in a neutral position. Digits were fully extended during testing.

HDEMG electrode arrays were placed on the forearm and hand to capture finger muscle
activation patterns. Specifically, two 64-electrode EMG arrays, in a 5 x 13 configuration, were
placed on the dorsal and ventral sides of the forearm, over the long finger extensors, such as
extensor digitorum communis (EDC), and the long finger flexors, such as flexor digitorum
superficialis (FDS), respectively. A 32-electrode HD EMG array, (4 x 8 configuration), was
placed on the dorsal side of the hand to target the intrinsic muscles (Figure 2.2). The EMG
signals were sampled at 2048 Hz and bandpass filtered (10-900 Hz) by an EMG-USB2+ device
(OT Bioelettronica, Italy). Sampled EMG signals were subsequently normalized by the peak
values recorded during testing or maximum voluntary contraction trials.
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Figure 2.2: HD EMG arrays on forearm and hand. Arrays were placed over the extrinsic finger
extensor, extrinsic finger flexor, and intrinsic muscles. Flexor array placement is not visible in the
figure.

At the start of the session, the subject was asked to produce maximum voluntary force
(MVF) with each digit separately. Visual feedback was provided on a computer screen to
encourage MVF production. During subsequent trials, the subject was instructed to create 25%
of these MVF values with the specified digits while keeping all digits in contact with the load
cells. Subjects were told to relax the digits not participating in the specified force generation.
Visual feedback of the desired and actual force levels was provided for the instructed digit. Two
different tasks were tested. In one, the participant was instructed to create force with a single
digit. In the other task, participants created force with adjacent pairs of digits (e.g., thumb –
index). Thus each hand had a total of 9 test conditions, and each condition was performed three
times in succession during a given trial.
To evaluate finger movement individuation, passive, reflective markers were placed on
the joints and tip of each digit in the hand, as well as on the back of the hand. Marker positions
were continuously captured with a 12-camera motion capture system (120 Hz, VICON, Oxford,
UK). Participants were seated, with the forearm pronated and supported, and the elbow flexed to
90°. Participants were instructed to start with their fingers maximally extended and then to
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sequentially flex each finger individually while maintaining extension of the non-instructed
finger. Each finger flexion was repeated three times.
2.2.3 Data Analysis
Finger Force Individuation:
To analyze force individuation, for each trial, a 250-ms window corresponding to
minimal force variation during the isometric digit press was first identified. This window was
used for subsequent analysis. The average force produced in the normal direction was
determined for each digit. Force individuation of the digit(s) was calculated as a ratio of
instructed digit force(s) to the total force across all of the digits (Eqn. 2.1) [122]. The higher the
FI metric, the better the individual was able to independently create force with the instructed
digit. For two-finger presses, the force of both instructed fingers was combined to compute
Finstructed.
𝐹𝐼𝑗 = 𝐹𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 /[∑𝑛𝑗=1[ [( ∑𝑛𝑖=1(𝐹𝑖𝑗 ))]/(𝑛)]

(2.1)

To calculate the relative spread of force production across the digits, another metric,
FI_DEV, was computed. This metric weighted force produced by uninstructed digits by their
normalized distance from the instructed digit (Eqn. 2).
𝐹𝐼_𝐷𝐸𝑉𝑗 = [(∑𝑛𝑖=1(𝐹𝑖𝑗 ∗ 𝑎𝑏𝑠(𝐹𝑖𝑛𝑔𝑒𝑟𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 − 𝐹𝑖𝑛𝑔𝑒𝑟𝑖𝑗 ))]

(2.2)

Finger Force EMG:
EMG signals were resampled at 2000 Hz to match the sampling rate of the force data.
Electrical noise and motion artifacts were removed from EMG data using an algorithm described
in the literature [30]. Common average reference spatial filtering was employed across all
channels of each electrode array at each time point of the recording to minimize common noise.
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A 20-Hz high-pass filter was then applied, the data were rectified, and a 250-ms moving average
filter was applied. The resulting signal for each channel was normalized according to its peak
value recorded during the experiment. 2D activation maps were generated for each electrode
array for the time window used to calculate force individuation. For each activation map, the
centroid of activation was calculated (Eqn. 2.3 & 2.4):

𝐶𝑥 = ∑𝑛𝑖=1[∑𝑛𝑗=1[𝐴𝑀𝑃𝑖𝑗 ∗ 𝑥𝑖 ]]\ ∑𝑛𝑖=1 ∑𝑛𝑗=1[𝐴𝑀𝑃𝑖𝑗 ]

(2.3)

𝐶𝑦 = ∑𝑛𝑖=1[∑𝑛𝑗=1[𝐴𝑀𝑃𝑖𝑗 ∗ 𝑦𝑖 ]]\ ∑𝑛𝑖=1 ∑𝑛𝑗=1[𝐴𝑀𝑃𝑖𝑗 ]

(2.4)

The sum of squared differences (SSD) between activation maps resulting from different
tasks and for the same type of tasks were calculated (Eqn. 2.5).
𝑆𝑆𝐷 = ∑𝑛𝑖=1[∑𝑛𝑗=1[𝐴𝐴𝑀𝑃 𝑖𝑗 − 𝐵𝐴𝑀𝑃 𝑖𝑗 ]2 \ ∑𝑛𝑖=1 ∑𝑛𝑗=1[𝐴𝐴𝑀𝑃 𝑖𝑗 + 𝐵𝐴𝑀𝑃 𝑖𝑗 ]2

(2.5)

Finger Movement Individuation:
Marker position data from the VICON were filtered using a 2nd-order Butterworth lowpass filter with a 10-Hz cutoff. These data were used to calculate the flexion/extension angles of
the metacarpophalangeal (MCP) and proximal interphalangeal (PIP) or interphalangeal (IP) of
each digit during each movement. From the joint angles, a movement individuation index (MI),
was then computed. For MI, the joint angles were identified at the time when the angular
displacement of the MCP and PIP (IP for the thumb) joints of the instructed finger first summed
to 900. The summed MCP and PIP (or IP) displacement of the uninstructed digits normalized to
90° were used to compute the individuation of the instructed finger using Eqn. 2.6 [124]. The
distribution of unintended finger flexion was weighted according to the difference in position
between each finger and the instructed finger to create the metric MI_DEV (Eqn. 2.7).
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𝑀𝐼𝑗 = ∅𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 /[∑𝑛𝑗=1[ [(100% ∗ ∑𝑛𝑖=1(∅𝑖𝑗 ))]/(𝑛)]

(2.6)

𝑀𝐼_𝐷𝐸𝑉𝑗 = [(∑𝑛𝑖=1(∅𝑖𝑗 ∗ 𝑎𝑏𝑠(𝐹𝑖𝑛𝑔𝑒𝑟𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 − 𝐹𝑖𝑛𝑔𝑒𝑟𝑖𝑗 )/(∑𝑛𝑖=1(∅𝑖𝑗 )))]

(2.7)

2.2.4 Statistical Analysis
Means and standard deviations were calculated for the primary outcome measures:
JTTHF score (the difference in total task completion time between the dominant/non-paretic and
non-dominant/paretic hands [14]), finger force individuation for single finger presses, and finger
movement individuation. A one-way Multivariate Analysis of Variance (MANOVA) was
performed with the independent factor Hand (paretic, non-paretic, non-dominant, and dominant
and the primary outcome measures as the dependent variables. If Hand significantly affected the
multivariate analysis, then post-hoc univariate ANOVA was performed for each outcome
measure. Pairwise testing of Hand was performed for ANOVAs exhibiting a significant effect
using the Tukey Honest Significant Difference. Additionally, Pearson correlation coefficients
were calculated between the primary outcome measures.
2.3

Results
A total of 10 TD children (5 male/ 5 female) and 4 children with hCP (2 male/ 2 female)

participated in the study. The TD and children with hCP were well matched in terms of age
(Table 2.1).
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TD Participants

Table 2.1: Study Participant Data
Sex
Age

TD01
TD02
TD03
TD04
TD05
TD06
TD07
TD08
TD09
TD10
Mean
± SD

M
M
F
F
M
M
F
F
M
F
5 M/5 F

hCP Participants

Sex

CP01
CP02
CP03
CP04
Mean
± SD

F
M
F
M
2 M/2 F

MACS

(years)
14
11
12
11
10
10
13
10
13
14
11.8
± 1.6

(I-V)
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Age
(years)
10
10
13
12
11.25
± 1.5

MACS
(I-V)
3
1
3
1
2
± 1.15

Results of the one-way MANOVA revealed that Hand had a significant effect on the
primary outcomes measures of JTTHF score, force individuation index value, and the movement
individuation index and explained a significant portion of the variance (p < 0.001, 0.480).
Subsequent ANOVAs were performed for each dependent variable.
2.3.1 Finger Force Individuation
The univariate ANOVA showed that Hand significantly affected the force individuation
index, FI, averaged across all 5 digits (p < 0.001, ηp2 = 0.639) (Figure 2.3). The TD participants
had a larger FI compared to the children with hCP (paretic: 0.338, non-paretic: 0.519, nondominant: 0.599, dominant: 0.657). Post-hoc Tukey tests revealed that the score for the paretic
hand was significantly smaller (poorer individuation) than the values for both the non-dominant
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and dominant hands in the TD children (p-value < 0.001). The non-paretic hand also had a lower
FI than the dominant hand (p = 0.035). Scores for the dominant and non-dominant hands and for
the paretic and non-paretic hands were not significantly different (p = 0.717 and p = 0.093,
respectively).

Figure 2.3: Single finger force individuation for each hand. (Non-paretic - Paretic: Dashed Blue, TD
Non-dominant - Paretic: Blue, TD Dominant – TD Non-dominant: Dashed Green, and TD Dominant
Non-paretic- Non-paretic: Green). Error bars represent 95% Confidence Interval. Horizontal significance
lines indicate that two groups are significantly different. * p < 0.05, ** p < 0.01.
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We examined individuation across individual digits as well. Across hands, individuation
tended to be greatest for the thumb and index finger and least for the ring and pinky fingers
(Figure 2.5). For the children with hCP, deficits between the paretic and non-paretic hands were
greatest for the index, middle, and pinky fingers. The raw force data shows how the spread in
force production was much wider across digits for the children with hCP, especially for the
paretic hand (Figure 2.4).

Figure 2.4: Flexion force for each finger during each type of single finger press. A) Paretic CP, B)
Non-paretic CP, C) Non-dominant TD, D) Dominant TD. (Thumb: Blue, Index: Orange, Middle: Yellow,
Ring: Purple, Pinky: Green). Error bars represent standard error.
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Figure 2.5: Single finger force individuation for each type of press for each hand. (Paretic: Dashed
Blue, Non-paretic: Blue, Non-dominant: Dashed Green, and Dominant: Green). Error bars represent
standard error.

Examination of force individuation deviation, FI_DEVSingleFinger, confirmed that the TD
participants had better force localization during attempted force individuation compared to the
children with hCP (paretic: 8.71, non-paretic: 9.45, non-dominant: 4.89, dominant: 3.18
individuation deviation). For the TD children, force created in uninstructed digits tended to be
concentrated in adjacent digits, with relatively little to no force generated by non-adjacent
fingers. For children with hCP, the distribution of unintended forces relative to the location of
the instructed finger, was higher for the paretic and non-paretic hands than for the hand of the
TD children (Figure 2.6). The thumb had the least deviation, and deviation increased with
proximity to the pinky for the paretic and non-paretic hands (Figure 2.7).
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Figure 2.6: Uninstructed finger force weighted by deviation from the instructed position.
(Force*Position Difference). Average value is displayed for each hand (Paretic: Dashed Blue, Nonparetic: Blue, Non-dominant: Dashed Green, and Dominant: Green). Error bars represent standard error.

Figure 2.7: Finger Force Individuation Deviation for each type of press. (Force*Position Difference).
Data is displayed for each hand (Paretic: Dashed Blue, Non-paretic: Blue, Non-dominant: Dashed Green,
and Dominant: Green). Error bars represent standard error.

Each participant also performed two finger presses for each adjacent finger pair (ThumbIndex, Index-Middle, Middle-Ring, Ring-Pinky. TD children tended to exhibit a higher level of
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force individuation for the two finger press than the children with hCP (FI values - paretic:
0.470, non-paretic: 0.629, non-dominant: 0.795, dominant: 0.779) (Figure 2.8, Figure 2.9). On
average, two finger presses were more highly individuated than single finger presses (compare
Figures 3 and 8). However, the non-paretic hand only performed slightly better while the
dominant and non-dominant hands of TD children performed much better on two finger presses.
Additionally, two finger presses saw finger forces which were more frequently higher than the
25% MVC instructed force (Figure 2.4, Figure 2.10). Participants were instructed to match 25%
MVC for each instructed digit simultaneously. Presenting separate visual feedback for two
fingers may have been cognitively demanding for the participants.

Figure 2.8: Average two finger force individuation for each hand. (Paretic: Dashed Blue, Nonparetic: Blue, Non-dominant: Dashed Green, and Dominant: Green). Error bars represent standard error.
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Figure 2.9: Two finger force individuation for each type of press for each hand. (Paretic: Dashed
Blue, Non-paretic: Blue, Non-dominant: Dashed Green, and Dominant: Green). Error bars represent
standard error.

Figure 2.10: Flexion force for each finger during each type of two finger press. A) Paretic CP, B)
Non-paretic CP, C) Non-dominant TD, D) Dominant TD. (Thumb: Blue, Index: Orange, Middle: Yellow,
Ring: Purple, Pinky: Green). Error bars represent standard error.

35

Deviation of uninstructed finger force from the instructed finger position
(FI_DEVTwoFinger) was higher for the non-paretic and paretic hand (9.42, 9.57 N*position) than
for the non-dominant and dominant hands (2.79, 3.23 N*position) of the TD children (Figure
2.11, Figure 2.12). Children with hCP tended to have uninstructed finger forces more evenly
distributed across adjacent and non-adjacent fingers, while TD children’s uninstructed finger
forces were generally located in fingers adjacent to the instructed fingers.

Figure 2.11: Two finger press individuation deviation. (Force*Position Difference). Average value is
displayed for each hand (Paretic: Dashed Blue, Non-paretic: Blue, Non-dominant: Dashed Green, and
Dominant: Green). Error bars represent standard error.
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Figure 2.12: Two finger press individuation deviation for each press type. (Force*Position
Difference). Data is displayed for each hand (Paretic: Dashed Blue, Non-paretic: Blue, Non-dominant:
Dashed Green, and Dominant: Green). Error bars represent standard error.

EMG
Analyses were performed on the EMG data captured during force individuation tasks.
These evaluations were focused on the data for the single-finger tasks for the index and middle
fingers as the relevant activations were likely to be captured by the EMG electrode arrays and
likely to be distinct from each other. The flexor and intrinsic separation of centroids of activation
for the two presses were diminished in the paretic hand (paretic flexor: 5.5 mm (95% CI: 0.0411.1mm), paretic intrinsic: 2.7 mm (95% CI: 0-10.4 mm)) compared to the non-paretic hand
(non-paretic flexor: 10.4 mm (95% CI: 5.9-17.0 mm), non-paretic intrinsic: 13.3 mm (95% CI:
7.3-19.8 mm)) and the hands of TD children (non-dominant flexor: 9.7 mm (95% CI: 6.9-14.3
mm), non-dominant intrinsic: 10.0 mm (95% CI: 6.5-14.8 mm), dominant flexor: 8.5 mm (95%
CI: 5.3-12.6 mm), dominant intrinsic: 8.0 mm (95% CI: 5.1-13.5 mm))(Figure 2.13).
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Figure 2.13: Separation of Centroids of Activation during Individuated Finger Presses. Data is
displayed for each HDEMG array for each hand (Paretic: Dashed Blue, Non-paretic: Blue, Nondominant: Dashed Green, and Dominant: Green). Error bars represent 95% Confidence Interval.

The SSD of activation maps for flexors, extensors, and intrinsic electrode arrays were
calculated. For each participant the SSDs of activation maps between index vs middle, index vs
ring, and middle vs ring were averaged for each hand (Figure 2.14). The average flexor, extensor
and intrinsic activation map SSDs were lower for the paretic hand of children hCP than for the
non-paretic, or for the dominant or non-dominant hand of TD children. The non-paretic hand of
children had the highest average activation map for all three muscle groups, even compared to
the dominant and non-dominant hands of TD children.
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Figure 2.14: Averaged SSD of EMG activation maps. Average of Index vs Middle, Index vs Ring, and
Middle vs Ring, for each hand (Paretic: Dashed Blue, Non-paretic: Blue, Non-dominant: Dashed Green,
and Dominant: Green). Error bars represent standard error.

This high level of activation map modulation may be partially explained by the high level
of activation map variation for the non-paretic hand even within the same type of press (Figure
2.15). This can be further explained by the inconsistent recruitment of unintended finger forces.
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Figure 2.15: Averaged SSD of EMG activation maps within finger press types: Values averaged for
Index, Middle, and Ring finger presses. Each hand is represented for each HDEMG array (Paretic:
Dashed Blue, Non-paretic: Blue, Non-dominant: Dashed Green, and Dominant: Green). Error bars
represent standard error.

Pearson correlation coefficients were calculated between intended force and each EMG
channel. The channels with the three highest correlations were identified for each kind of press
for each subject. In Figure 2.16 a heat map indicates the fraction of the presses for which the
channel has one of the three highest correlation values. The TD EMG channels with the highest
correlation with instructed force tend to be clustered close together. The CP EMG channels with
the highest correlation are spread more widely across the electrode array.
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Figure 2.16: Cross correlation between EMG signal and instructed force. Flexor activation maps for
different two finger presses (each row of plots) for TD participants (left column) and hCP participants
(right column). The heat maps indicate the frequency with which each array is associated with being one
of the three highest correlating channels with instructed finger force.

Visual representation of the change in the activation map and the location of the centroid
are shown in Figure 2.17. More distinct changes between types of presses in centroid location
and activation patterns are apparent in the TD maps than the CP maps.
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Figure 2.17: Representative TD (top row) and CP (bottom row) flexor activation maps. The maps
shown are for index (left column) and middle finger (right column) finger presses. The centroid of
activation for each map is indicated with a red marker, the difference in position between index and
middle finger press is indicated with a red circle and dashed line. The image of a forearm indicates the
ulnar/radial and proximal/distal directions for the 2D activation maps.
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2.3.2 Movement Individuation
ANOVA results showed that the Hand factor also significantly affected the movement
individuation metric, MI (p < 0.001, ηp2 = 0.577). Tukey pairwise comparisons revealed that MI
for the paretic hand was significantly smaller than that of the dominant, non-dominant, and nonparetic hands (p < 0.001, p < 0.001, and p = 0.021, respectively) (Figure 2.18). No other
significant differences were observed across hands. Aside from the paretic hand, MI tended to be
greatest for the thumb and decreased modestly according to finger distance from the thumb
(Figure 2.19). Overall, the MI values were much smaller than for the FI values. Interestingly, for
the paretic hand, the MI values was greatest for the middle finger. In general, digit individuation
was similar across fingers, slightly worsening moving from thumb to pinky (Figure 2.20).

Figure 2.18: Movement individuation for each hand. (Paretic: Dashed Blue, Non-paretic: Blue, Nondominant: Dashed Green, and Dominant: Green). Error bars represent 95% Confidence Interval. * p <
0.05, * p < 0.01
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Figure 2.19: Movement Individuation for each type of single finger press for each hand. (Paretic:
Dashed Blue, Non-paretic: Blue, Non-dominant: Dashed Green, and Dominant: Green). Error bars
represent standard error.

t
Figure 2.20: Finger flexions for each finger for each type of movement. A) Paretic CP, B) Non-paretic
CP, C) Non-dominant TD, D) Dominant TD. (Thumb: Blue, Index: Orange, Middle: Yellow, Ring:
Purple, Pinky: Green). Error bars represent standard error.
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Movement individuation deviation, or the distribution of unintended movement relative
to the location of the instructed finger, was slightly higher for the paretic hand compared to the
and non-paretic hands and the hand of TD children (Figure 2.21). The pinky finger had notably
higher deviation, thereby indicating that unintended movement was more widespread, while
unintended flexion for other fingers was generally located more locally (Figure 2.22).

Figure 2.21: Movement individuation for each hand. Data is displayed for each hand (Paretic: Dashed
Blue, Non-paretic: Blue, Non-dominant: Dashed Green, and Dominant: Green). Error bars represent
standard error.
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Figure 2.22: Movement individuation for each hand for each type of finger movement. Data is
displayed for each type of single finger press for each hand (Paretic: Dashed Blue, Non-paretic: Blue,
Non-dominant: Dashed Green, and Dominant: Green). Error bars represent standard error.

46

2.3.3 JTTHF
ANOVA results revealed that children with hCP had a significantly higher difference in
JTTHF completion time between their hands than TD children did between their hands (p <
0.001, ηp2 = 0.546) (Figure 2.23). Examining each hand individually, the paretic hand JTTHF
time was significantly longer than that of the non-paretic hand, non-dominant hand, or the
dominant hand (p ≤ 0.001). The paretic hand was more than 300 seconds slower than the nonparetic hand. All CP participants had difficulty writing with the paretic hand, three of four
participants reached the maximum allowed time for that task. CP01 and CP03 reached the
maximum allowed time for the majority of JTTHF tasks.

Figure 2.23: JTTHF times for each participant group. JTTHF times are the difference in total time
each hand requires to complete all seven tasks. If a participant is unable to complete a subtask, then a
maximum time of 120 seconds is assigned. The maximum possible score a participant can earn is 720
seconds. Error bars represent 95% Confidence Interval. * p < 0.05, * p < 0.01
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2.3.4 Correlation Between Main Measures
Pearson correlations were calculated to determine the relationship between JTTHF
scores, force individuation, and movement individuation across all hands (Table 2.2). Significant
correlations were found between all three primary outcome measures. JTTHF time decreased as
either force or movement individuation improved. Movement individuation and force
individuation were positively correlated with each other.
Table 2.2: Main Outcome Correlations

TD &

JTTHF

FI

MI

CP
-0.639,
JTTHF

-0.502, p=0.009
p = 0.000
-0.639,

0.573,

p = 0.000

p = 0.002

FI

0.573,
MI

-0.502, p=0.009
p = 0.002
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2.4

Discussion
Previous investigation into the individuation of TD children or children with hCP has

been extremely limited. One previous study examined finger force individuation of adults with
diplegic cerebral palsy and neurotypical adults [114] and found lower finger forces and less
individuated force production in the CP group compared to the neurotypical group. Findings in
neurotypical adults or post-stroke adults, however, may not be generalizable to populations of
children who are still undergoing neural development. While individuation capability manifests
within the first year after birth [125,126], this dexterity continues to develop throughout
childhood. Primates experience postnatal development of cortico-motoneuronal connections that
allow for highly skilled and dexterous hand movements. These connections take several years to
fully mature [127,128]. Finger force individuation in TD children approaches the level found in
adults around the time of ten years of age [122]. Since the brain insult producing hCP occurs
before finger individuation capability is fully developed, fine manual dexterity is likely to be
affected, although neural plasticity could potentially afford a means for children with hCP to
adapt and gain individuated control.
Our results indicate that significant deficits in finger force and individuation may be
present in children with hCP compared to TD children. This diminished individuation was most
pronounced for the paretic hand but extended to the non-paretic hand as well, at least with
respect to the dominant hand in TD children. Force individuation deficits were especially
pronounced for the middle, ring, and pinky fingers. Interestingly, despite the heavy reliance of
thumb sensorimotor control on the cortical neurons likely to be impacted by CP, our participants
with hCP exhibited almost normal force individuation with the thumb, and the thumb function
was relatively spared after compared to the other fingers.
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Children with hCP exhibited a wider spread of force production across digits for both the
paretic and non-paretic hands than TD children, as indicated by the FI_DEV values. This was
especially apparent for the middle, ring, and pinky fingers. While for TD children uninstructed
force production was largely limited to adjacent digits, in children with hCP significant force
production was seen in all five digits for instructed force production with the middle, ring, or
pinky finger. Thus, force individuation improved substantially for two-finger presses in TD
children, but not nearly to the same extent for children with hCP.
As isometric force was being produced, it is unlikely that mechanical coupling played a
significant role in the observed force individuation deficits. This premise is supported by the
force data that shows limited force production in the fingers of the paretic hand when children
with hCP were instructed to create force with the thumb, but substantial force produced by the
thumb when instructed to create force with the middle or ring finger. Rather, these data suggest
neurological coupling among muscles and muscle compartments controlling different digits. The
HDEMG signals did reveal greater separation of the centroid of activation between presses of the
index and middle fingers for TD children, thus suggesting better distinction of activation
patterns, but overall the patterns were difficult to interpret. Across participants, EMG patterns
often had more than one cluster of activation. Surprisingly, variance in activation pattern for
repeated trials of the same type of finger press (e.g., index finger) was smallest for the paretic
hand. A past study employing HD arrays found individuated EMG activation patterns in extensor
muscles in neurotypical adults during creation of individuated finger extension forces [129]. It is
possible that these activation patterns are not as well established in children. Alternatively, the
fact that we were examining finger flexion rather than extension may have contributed to the
difficulty we had in identifying distinct and consistent extrinsic muscle regions of activation.
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Another study examining the spatial distribution of extrinsic flexor and extensor muscles during
individuated finger movements of neurotypical adults also found high variation in the locations
of activation clusters and multiple activation clusters [130]. Some researchers have suggested
that a broader spatial activation during individuated finger force production is associated with
wrist stabilization [131], but we supported participants’ wrist and forearm were supported during
testing.
Movement individuation was also impacted in the paretic hand in children with hCP, but
unlike for FI, the MI of the non-paretic hand was not significantly impacted when compared to
the non-dominant and dominant hands of the TD children. Similarly, the spread of unintended
movement, as indicated by the MI_DEV metric, was greater for the paretic hand than for nonparetic hand or the hands of TD children. Movement individuation deficits were similar for all
digits across the paretic hand (except for the middle finger which had less impairment of
individuation), despite the greater mechanical coupling among the middle, ring, and pinky
fingers. As for the force individuation, the movement individuation deficits appear to be
neurologically driven. Interestingly, values for the MI index were much lower than for FI across
all participants. While this may be attributable in part to biomechanical movement constraints
and the task parameters, control of individuated movement may also prove more challenging.
Even the dominant hand of TD children showed significant movement individuation deficits
compared to adults, although it is difficult to compare study results as various studies may
measure MI differently [112,132].. Participants in our study had an average age of 11; control of
fine movements may continue to develop in adolescence [122], especially movement
individuation.
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Across hands, strong negative correlations were seen between force and movement
individuation and time needed to complete the JTTHF. These results indicate an association
between individuated control of fingertip force production and movement and the ability to
perform skilled unimanual tasks. A past study with stroke survivors found that training
individuation did lead to significant improvement in task performance, as measured with the
JTTHF [112], but this remains to be shown in children with hCP. Movement and force
individuation were also significantly, positively correlated, although the strength of correlation
was moderate. The extent to which control of force individuation and movement individuation
relies on common neural pathways remains to be determined.
There are several limitations to this study. The force individuation assessment was
performed with all fingers extended and resting on load cells, and movement individuation was
measured by examining task-independent finger flexion/extension. These tests are not
necessarily indicative of how finger individuation is used during real world tasks. It may be
useful to measure individuation of finger forces and finger movements for different types of
grasps and tasks and determine how well the individuation metrics used in this study map to
utilization of individuation in everyday tasks. Another limitation was the small sample size of the
hCP group in this study, which may limit the generalizability of these results. The hCP sample
population, while limited to individuals with hand function classified in the range MACS I-III,
included a wide range of hand function capability. A larger sample size would allow participants
to be grouped and analyzed according to their MACS classification.
2.5

Conclusion
In this study, we evaluated the finger individuation capability of TD children and children

with hCP and correlated these capabilities with unimanual hand function using the JTTHF
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measure. The paretic hand of children with hCP exhibited significant functional deficits in finger
force individuation, finger movement individuation, and unimanual function compared to their
paretic hand, and compared to the hands of TD children. Children with hCP had their unintended
finger forces spread more evenly across the digits of the hand, while TD children’s unintended
finger forces were largely located in finger adjacent to the instructed finger(s). For finger
movement individuation, children with hCP and TD children had similar distribution of
unintended finger flexions across the fingers. Finger force individuation, finger movement
individuation, and JTTHF times all had significant correlations with each other. These results
indicate that children with hCP have significant deficits in finger individuation, and common
clinical evaluations, such as the JTTHF, may somewhat accurately capture these deficits, and
finger force and movement individuation may be jointly controlled to some degree, and it is
uncertain if they each need separate targeted training or if individuation training of any kind
would benefit both finger force and finger movement individuation.
In the future, interventional studies focused on improving finger force and finger
movement individuation should be performed and these individuation evaluations can be used to
determine the efficacy of the interventions. Finger movement individuation training has been
shown to temporarily improve finger movement individuation in post-stroke adults and cause
maintained improved finger posture changes [112]. It has also been shown that practice of
individuated force production can improve individuation in neurotypical adults [133].
Interventional studies using force individuation training and movement individuation training
should be performed to determine if these results apply to children with hCP.
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CHAPTER 3:

Contribution of the Ipsilesional and Contralesional Hemispheres to
Finger Individuation

3.1

Introduction
Children with hemiplegic cerebral palsy (hCP) may retain ipsilateral corticospinal tract

(CST) projections that typically developing (TD) children generally lose in the first few years of
development [55,134,135]. These ipsilateral connections may influence individuated control of
the fingers, potentially for better or worse. Ipsilateral CST projections to the paretic hand are a
strong predictor for impaired hand function in children with hCP or epilepsy [134–136], yet in
some cases the ipsilateral hemisphere may contribute positively to hand function [137] and
higher ipsilateral stimulus recruitment curves (SRCs) are associated with improved performance
in the Box and Block test [137].
Transcranial magnetic stimulation (TMS) affords a means of examining the ipsilateral
and contralateral CST pathways, which are crucial to fine manual dexterity, including
individuation. In neurotypical adults, TMS stimulation can evoke individuated finger forces
when subjects are performing motor imagery (MI) [138]. The motor imagery can influence force
direction, but not amplitude, resulting from a given TMS excitation [116]. In addition to evoking
finger force, TMS can be used to evoke finger flexions with limited individuation of the
movement, with specific fingers targeted by changing position and orientation of the TMS coil
[139]. Similar studies for children, and especially children with neurological deficits. are lacking,
thereby leading to gaps in our knowledge of the development and impairment of fine motor
control.
The goal of this preliminary work was to explore the neurological basis of finger force
individuation. We performed TMS stimulation of the motor cortex in both hemispheres in
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children with hCP and TD children. TMS was used to either create MEPs in the targeted finger
flexor muscle during MI or to perturb voluntary creation of fingertip force production. We
hypothesized that motor imagery would facilitate individuated finger force production in TD
children in response to TMS, and, to a lesser degree, in children with hCP. We also hypothesized
that inhibitory use of TMS would decrease force individuation.
3.2

Methods
Children with hCP or typically developing (TD) children participated in the study. All

participants were required to be 8-14 years old and to be free of any orthopedic issues affecting
use of the hand or arm. Children with hCP needed to have a MACS score of I, II, or III to
qualify. Additionally, participants could not have implanted devices incompatible with TMS
(e.g., pacemaker, deep brain stimulation implant) or a history of epilepsy or seizures. Participants
provided informed written assent, and their parents provide informed, written consent to
participate in the protocol. The protocol was reviewed and approved by the Institutional Review
Board of the University of North Carolina at Chapel Hill.
The location of the motor representation of the flexor digitorum superficialis (FDS)
muscle within M1 was identified for each hemisphere for the paretic (hCP) or non-dominant
hand (TD) [65]. If no hotspot could be located (e.g., ipsilateral stimulation for TD children), then
the hotspot found for the non-paretic or dominant hand was used. The FDS hotspot was
identified by exploration of M1 with TMS stimulation (Magpro TMS stimulator, MagVenture,
Farum, Denmark). The region that generated the peak motor evoked potentials (MEP) within
FDS was selected. Once the hotspot was identified, stimulation amplitude was gradually
decreased to find the resting motor threshold (RMT), which is the minimum amplitude at which
at least three of a set of 6 pulses produced an MEP of 50 microvolts or greater.
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For all trials, the subject sat comfortably in a chair with their forearm supported in a
pronated posture, their shoulder abducted (~45°), and the tip of each finger resting on a separate
load cell (Nano-17 or Mini40, ATI Industrial Automation, Cary, NC) for force measurement. For
the first set of trials, participants either rested or performed motor imagery of the index finger
flexing and the other digits relaxing. During both conditions, either sham or real TMS
stimulation was applied. For real stimulation trials, a pulse was delivered to the M1 FDS
representation at 130% RMT [140]. The TMS-induced force from all fingers of the tested hand
were recorded. During sham trials, the TMS coil was flipped such that no magnetic pulse was
delivered, but the participant still heard the same sound from the coil and felt the coil against
their head. Six stimulations were delivered for each set of conditions (e.g., contralateral, MI,
real) for a total of 48 stimulations (Table 3.1). The six stimulations within a block were delivered
five seconds apart. Sham and real stimulation to the contralateral and ipsilateral hemispheres
were presented in blocks to help maintain coil position and angle relative to the head.
Table 3.1: Motor Imagery TMS Conditions
Contralateral
Ipsilateral

Hemisphere
Motor Imagery
TMS Status

No MI
Sham

Real

MI
Sham

No MI
Real

Sham

Real

MI
Sham

Real

In a second set of trials, participants performed voluntary flexion presses with the index
finger to 25% of maximum voluntary contraction (MVC). Participants initiated the press after
receiving a visual stimulus; at 120 ms [117] after the introduction of the visual stimulus, either
sham stimulation or a single-pulse of 130% RMT TMS stimulus was delivered to either the
ipsilateral or contralateral M1 to elicit FDS activation (Table 3.2). For each set of conditions
(e.g., contralateral/ipsilateral, real/sham) there were six stimulations, for a total of 24
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stimulations. Within each block, TMS pulses were delivered at least five seconds apart. Sham
and real stimulation were again presented in blocks to maintain coil position relative to the head.
The single TMS pulse was intended to disrupt brain activity in the targeted area, subsequently
preventing, temporarily, that hemisphere from assisting in control of the force generation. TMS
stimulation was applied prior to voluntary force production, so that the inhibitory effects of TMS
on voluntary force individuation could be examined at several time points. TMS can have
inhibitory effects [141] and the effects of TMS stimulation vary over time after the stimulation
occurs, lasting for hundreds of milliseconds [142].

Hemisphere

Table 3.2: Voluntary Finger Press TMS Conditions
Contralateral
Ipsilateral

TMS Status

Sham

Real

Sham

Real
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3.2.1 Data Analysis
The individuation of TMS-induced forces was calculated using Eqn. 3.1:
𝐹𝐼𝑗 = 𝐹𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 /[∑𝑛𝑖=1[ [( ∑𝑛𝑖=1(𝐹𝑖𝑗 ))]/(𝑛)]

(3.1)

Force angle, FA, was calculated in reference to the normal for the fingertip and surface of
the load cell. Force angle and individuation were not examined in cases where no or negligible
forces were evoked, as the low signal-to-noise ratio could lead to spurious results. TMS
stimulation created artifacts in the EMG recordings that could obscure identification of MEPs.
The artifacts had a consistent waveform shape but inconsistent amplitude. A normalized version
of the TMS artifact was created from EMG recordings, and this normalized artifact was scaled to
the amplitude of the artifact after each stimulation. Subtracting the two signals removed the
artifact while leaving the MEP signal intact. After removing the artifact, the start of a MEP was
then identified by the time at which the EMG amplitude exceeded the average baseline value by
more than three standard deviations.
Motor Imagery Data Analysis: Data were collected with the factors: Motor Imagery
(MI, no MI), the Hemisphere receiving stimulation (contralateral/ipsilateral), and Stim
(real/sham). For TD participants, statistical testing focused on Motor Imagery during real,
contralateral stimulation as ipsilateral and sham stimulation evoked only negligible forces.
Repeated measures ANOVA was performed for the dependent measures: maximum index finger
flexion force, FI, and FA. Data for the hCP subjects were examined in isolation as case studies
due to the small sample size.
TMS-disrupted Force Individuation Data Analysis: Data were collected with the two
factors: Stim (real/sham) and Hemisphere (contralateral/ipsilateral). For the TD subjects,
repeated measures ANOVAs were performed to examine the impact of Hemisphere during real
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stimulation trials (sham stimulation had negligible impact) on the following outcome measures:
FI and FA at multiple time points after stimulation. Data for the hCP subjects were again
examined as case studies.
3.3

Results
Five TD children and two children with hCP were recruited to participate in the TMS

protocol (Table 3.3). All participants also completed the individuation assessment reported in
Chapter 2. TD01 only completed the contralateral portions of the experiment before withdrawing
from the remainder of the study due to fatigue. CP02 completed the contralateral portion of the
MI experiment but withdrew from the remainder of the protocol due to a headache.

TD Participants

Table 3.3: Study Participant Data
Sex
Age

TD01
TD02
TD03
TD07
TD10
Mean
± SD

M
M
F
F
F
2 M/3 F

hCP Participants

Sex

CP02
CP04
Mean
± SD

M
M
2M

MACS

(years)
14
11
12
13
14
12.8
± 1.3

(I-V)
N/A
N/A
N/A
N/A
N/A
N/A

Age
(years)
10
12
11.0
±1

MACS
(I-V)
1
1
1
±0

3.3.1 Results: Motor Imagery
TD Motor Imagery: For the TD participants, MEPs were detected about 15 ms after
contralateral TMS stimulation and evoked forces were detected about 35 ms after stimulation
(Figure 3.1). For the TD participants, significant force production was observed only for real
stimulation of the contralateral hemisphere (Figure 3.2). The ANOVA results revealed that MI
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led to significant increases in FI (p = 0.016, ηp2 = 0.238), maximum force (p < 0.001, ηp2 =
0.490), and FA (p < 0.008, ηp2 = 0.280).

Figure 3.1: Time-series of representative MEP and Finger Force after TMS stimulation. TMS
stimulation is delivered at 0 ms, the red triangles indicate initiation of the MEP and finger flexion force.
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Figure 3.2: TD TMS evoked finger forces. Average forces for all fingers are shown for both real and
sham stimulation, and stimulation applied to either hemisphere. Error bars represent standard error.
Horizontal significance lines indicate that two groups are significantly different. * p < 0.05, ** p < 0.01.

61

This increase in force was localized to only the index finger, the finger the participant
was instructed to imagine flexing in the MI scenario (Figure 3.2). Thus, the individuation index
was significantly improved with MI compared to the No MI condition for the index finger only
(Figure 3.3). FI for the index finger increased by 105%, more than doubling its value in the No
MI condition. The fingers adjacent to the index finger (thumb and middle), saw little change in
their portion of the overall flexion force, while fingers which were not adjacent to the index
finger, ring and pinky, saw decreases in their share of the total flexion force.

Figure 3.3: TD Finger force individuation calculated for each finger. In cases of Motor Imagery, the
participant is actively imagining creating flexion force with the index finger. Error bars represent standard
error. Horizontal significance lines indicate that two groups are significantly different. * p < 0.05, ** p <
0.01.
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Index force angle decreased significantly during MI compared to the No MI condition
from 59.9° to 31.7° (Figure 3.4). Here a smaller angle indicates that the force is directed more
normally to the surface of the load cell. Other digits did not exhibit large changes in force
direction, regardless of whether they were adjacent to the index finger or not.

Figure 3.4: TD TMS evoked force angle. A force angle of “0” would represent force that was perfectly
normal to the load cell (no force in the x or y direction). Error bars represent standard error. Horizontal
significance lines indicate that two groups are significantly different. * p < 0.05, ** p < 0.01.
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CP02 Motor Imagery: Real, contralateral stimulation evoked substantial finger forces
from CP02, which were not seen during sham stimulation (Figure 3.5). Motor imagery increased
both index finger and middle finger flexion force even though only flexion of the index finger
was imagined. Average index flexion force increased by 54%, from 0.139 N to 2.14 N.
Conversely, index flexion imagery led to a reversal of force direction in the thumb such that
extension force was recorded. As CP02 only completed the contralateral portion of the MI
experiment, no results for ipsilateral stimulation are available.

Figure 3.5: CP02 TMS evoked force for the contralateral hemisphere. Error bars represent

standard error.
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The effect of MI on finger force individuation was calculated according to each finger,
for no MI trials and for MI trials (Figure 3.6). The portion of the force attributed to the index
finger increased with MI from 0.188 to 0.291, an increase of 55%. The individuation index value
for the index finger during MI, however, was still only slightly greater than that of the middle
finger or thumb.

Figure 3.6: CP02 TMS evoked force individuation. Error bars represent standard error.
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FA changed little for the index finger with MI (Figure 3.7) despite the increase in force
magnitude, indicating that the force direction did not improve with MI. Other digits, however,
appeared to be impacted by the MI. Thumb FA increased as more of a thumb extension force
was created and middle finger FA decreased as the MI led to increased flexion force production
in the middle finger.

Figure 3.7: CP02 TMS evoked force angle. Error bars represent standard error.
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CP04 Motor Imagery: CP04 successfully completed both the contralateral and
ipsilateral portions of the experiment. Sham stimulation did not evoke forces, regardless of MI
(Figure 3.8). Both contralateral and ipsilateral stimulation, however, evoked meaningful finger
forces. MI appeared to increase thumb flexion forces regardless of which hemisphere was
stimulated, but MI had little effect on the other fingers.

Figure 3.8: CP04 evoked finger forces. Error bars represent standard error.
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MI failed to produce an improvement in the FI metric in the imagined index finger but
did lead to substantially greater FI values in the thumb (Figure 3.9). This occurred for both
contralateral and ipsilateral stimulation.

Figure 3.9: CP04 individuation of evoked finger forces. Error bars represent standard error.
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The solid angle of force was calculated for each finger for trials with no MI and with MI
(Figure 3.10). The thumb and the index finger saw the largest, and most consistent decreases in
force angle due to MI when receiving ipsilateral stimulation.

Figure 3.10: CP04 evoked force angle. Error bars represent standard error.

3.3.2 Perturbation of Voluntary Force Production
TD Perturbation of Voluntary Force: The participant received a Go-signal 120 ms
before receiving a 130% RMT amplitude stimulation (Figure 3.11). MEPs and evoked forces
occurred after stimulation and before the participants began a voluntary 25% MVC individuated
index finger press. Outcome measures were evaluated after the MEP, during a post-MEP silent
period, during the rise time of the voluntary force, and during the steady period for voluntary
force.
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Figure 3.11: TD EMG and force for TMS-disrupted voluntary force production. The Go-signal is

given at 0 ms (green arrow), the TMS stimulation is delivered at 120 ms (red arrow). TMS
evoked forces begin after stimulation (blue arrow) and dissipate by 300 ms, at which point
voluntary force production begins (yellow arrow). Voluntary force increases until about 800 ms,
and then force reaches a steady state. The blue field indicates the MEP force period, the red field
indicates the silent period, the yellow field indicates the rise time period, and the green field
indicates the steady force period.
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After verifying that sham stimulation had no impact on force generation, we focused out
analysis on the real stimulation data. The ANOVA results revealed that contralateral stimulation
decreased index FI during rise time (p < 0.006, ηp2 = 0.300) and the steady-state phase (p <
0.010, ηp2 = 0.268) compared to ipsilateral stimulation.,
Force individuation of the index finger at various points during the trial are presented in
Figure 3.12. Stimulations were applied to either the contralateral or ipsilateral hemisphere.
Contralateral stimulation increased post-MEP individuation but decreased individuation during
rise time and steady time by 0.064 and 0.058, respectively. Ipsilateral stimulation had an
opposite affect and decreased post-MEP individuation but increased individuation during rise
time and steady time, by 0.024 and 0.035, respectively.

Figure 3.12: TD force individuation during TMS-disrupted, voluntary force production. Error bars

represent standard error.
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Contralateral stimulation significantly increased index FA during rise time compared to
ipsilateral stimulation (p < 0.005, ηp2 = 0.304). The FA became less normal by by 4.1°. FA also
increased during the steady-force time 4.6°, respectively (Figure 3.13). Ipsilateral stimulation
decreased force angle during rise time and steady force time by 4.3° and 4.9°, respectively.

Figure 3.13: TD force angle during TMS-disrupted, voluntary force production. Error bars

represent standard error.
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CP Perturbation of Voluntary Force: Force individuation of the index finger and the
thumb at various points during the trial for CP04 are presented in Figure 3.14. Stimulations were
applied to either the contralateral or ipsilateral hemisphere. Contralateral stimulation evoked
more force in the thumb (though a similar difference in comparison to sham), and ipsilateral
stimulation evoked more force in the index finger.

Figure 3.14: CP04 force individuation during TMS-disrupted, voluntary force production. Error

bars represent standard error.
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The angles of the index and thumb forces during the voluntary portion of force generation
(rise time, and steady-force time) are presented in Figure 3.15. Stimulations were either sham or
real and were applied to the index finger hotspot of either hemisphere. Contralateral and
ipsilateral stimulation both increased force angle during rise and steady time, although
contralateral stimulation produced a larger increase. During rise and steady-force times,
contralateral and ipsilateral stimulation did not cause a consistent change in force angle
compared to sham.

Figure 3.15: CP04 force angle during TMS-disrupted, voluntary force production. Error bars

represent standard error.
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3.4

Discussion
Motor Imagery: For TD children, motor imagery during TMS stimulation was able to

successfully increase individuation of evoked finger forces during stimulation of the contralateral
M1. To our knowledge this is the first examination of MI on finger force individuation of TMSevoked forces in children. The effect of MI in children was similar to what has been reported for
neurotypical adults [138] . The averaged evoked flexion force during MI was almost 1 N, or
about 5% MVC, which is reasonable considering adults may have evoked forces around 3 N
[116]. The individuation of evoked finger force and the magnitude of the force were less than
those seen during volitional finger presses (Figure 3.3, Figure 3.2), in accordance with
published results from neurotypical adults [115,138] . The lower evoked individuation indices
may have resulted from a lower signal-to-noise ratio for the evoked data. Evoked forces were
only ~5% of MVC while volitional force generation was 25% of MVC. Ipsilateral and sham
contralateral stimulation did not evoke significant forces from any finger in the TD group.
In addition to increasing individuation of evoked forces, motor imagery decreased the
angle of the evoked force of the index finger by about 40°. In the extended finger posture, FDS
contributes to a significant extent to force generation normal to the fingertip and the surface of
the load cell. Thus, excitation of FDS produces a more normally directed fingertip force. As with
FI, this effect on FA was apparent only in the index finger, the one being flexed in the motor
imagery.
TMS also evoked discernible forces in the participants with hCP. CP02 experienced only
contralateral stimulation. For this participant, MI led to an increase in evoked index force, as
well as an increase in FI for the index finger and a decrease in FA. CP04 produced sizeable,
evoked forces when either the contralateral or ipsilateral hemisphere was stimulated, in contrast
to TD children for whom ipsilateral stimulation had little effect. For CP04, ipsilateral stimulation
75

actually generated larger forces than contralateral stimulation. Thus, for this subject, strong
ipsilateral corticospinal pathways projected to hand motoneurons. Stimulation of either
hemisphere evoked a similar force distribution with large thumb flexion forces, smaller index
flexion forces, and some middle finger extension force. It is possible that the similar force
distribution evoked by each hemisphere was due to mirror movement characteristics of the
subject [143], and overlapping motor representations of finger [144,145] making it difficult to
isolate force production by a single finger. Interestingly, despite performing motor imagery of
index finger flexion, FI increased for the thumb, but decreased for the index and middle fingers.
This participant did have good, individuated force control of the thumb relative to the other
digits. This may be indicative of relative sparing of neural pathways for the thumb; thus,
excitation resulted in production of thumb flexion force despite MI targeting index finger
flexion.
TMS has previously been used to evoke synergistic grip forces during active grip
production; the investigators found the effect was primarily on force scaling and not direction
[146]. Past studies, on neurotypical adults, found no difference in multi-finger control when the
primary motor area is subjected to either faciliatory or inhibitory TMS [147], and therefore
concluded that multi-finger coordination occurred outside of the M1 area. Our results, however,
indicate that individuation of finger force is facilitated by the M1 area, at least in TD children.
TMS Perturbation of Voluntary Force: TMS-stimulation was applied to either the
contralateral or ipsilateral M1 area 120 ms after the subject received a visual signal to begin
force production. Force production was examined over time: immediately after the MEP, during
the post-MEP EMG silent period, while voluntary force was increasing, and during steady state
voluntary force production. The amount of resting or active finger force prior to TMS
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stimulation can increase the effects of TMS stimulation [148]. We hoped that examining TMS
effects on either hemisphere during voluntary force production would reveal effects which were
not detectable during the post-stimulation faciliatory period during the MI experiment.
Despite ipsilateral stimulation not evoking meaningful finger forces during motor
imagery, stimulation prior to voluntary force production seems to have affected force
individuation and angle regardless of the hemisphere receiving the stimulation in TD children.
Contralateral stimulation increased finger force individuation following the MEP
response, which is consistent with results during the MI experiment. However, as time passed
and the voluntary force production began, contralateral stimulation caused a decrease in force
individuation and caused the voluntary force to be less normally directed.
Ipsilateral stimulation, had the opposite effect of contralateral stimulation. It decreased
individuation post-MEP but increased individuation and decreasing force angle during the
voluntary phase of force production.
This shift from faciliatory to inhibitory effect of TMS is consistent with past results,
where it was found that single-pulse TMS has a faciliatory effect immediately after stimulation
but this effect quickly transitions to an inhibitory effect which lasts for hundreds of milliseconds
[142]. However, the effects seem to last much longer than previously reported, well over a
second after TMS stimulation, and at lower stimulation amplitudes.
Additionally, the converse response to ipsilateral stimulation is interesting and may
indicate that the inhibitory interhemispheric interactions associated with the ipsilateral
hemisphere may prevent higher levels of force individuation from being achieved to enhance
grasp stability. The ipsilateral hemisphere normally has an inhibitory effect on the contralateral
hemisphere [149], and this inhibitory effect is normally reduced during fine motor function of
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the hand [150]. TMS-disruption of the ipsilateral hemisphere may have further reduced the
inhibitory effect allowing for improved individuation.
CP04’s response to TMS stimulation prior to voluntary force production differed from
the response seen in TD children. Similar to the results seen during the MI experiment a larger
response to stimulation was seen in the thumb than in the instructed index finger. The immediate
response to both contralateral and ipsilateral stimulation increased individuation of the index
finger but the later response (rise time, steady state) saw contralateral stimulation increase
individuation and ipsilateral stimulation decrease individuation. This late-stage response to
stimulation is similar to the response seen in TD children: disruption of the primary controlling
hemisphere (contralateral for TD, ipsilateral for CP04) decreases force individuation, disruption
of the other hemisphere increases force individuation. While the ipsilateral and contralateral
hemispheres both contribute to finger force control, they influence control in different ways.
Limitations: This was a pilot study with very limited numbers of participants, especially
for the hCP group. However, we were able to show that these techniques are feasible in the target
population. In the future it would be desirable to use these assessments in combination with
individuation training in an attempt to identify best responders to finger individuation training, or
using TMS and MI to provide individuation training [151].
An additional factor that may have affected the force response of the CP participants to
TMS is the effect resting force of a finger has on it evoked forces [148]. CP participants were
instructed to relax their fingers while performing MI, but higher resting forces compared to TD
participants would have influenced the evoked forces in a way not entirely controlled by the
experiment.
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TMS Safety Considerations: Prior to performing this study, one concern with performing
TMS in children with hCP was that they might be at elevated risk for seizure during stimulation.
To address these concerns, a review of the literature was performed to determine the safety of
TMS in TD children and children with hCP.
On rare occasions, TMS can induce adverse events (headaches, seizures, etc.). TMS has
a level of safety for TD children and children with CNS disorders (e.g. cerebral palsy) which is
similar to the safety level in neurologically intact adults [152]. Four review articles found that
single-pulse TMS was safe for typically developing children and children with various
neurological conditions, including hCP [153–156]. These reviews found no instances of
significant adverse reactions and suggest that TMS bears minimal risk to typically developing
children or children with neurological conditions.
These reviews and original research articles support both the safety and usefulness of
exploring motor connectivity in typically developing children and children with cerebral palsy
using TMS. To further reduce risk, the TMS protocol we used was designed to conform to the
recommendations of a perspective on TMS study design considerations, and uses similar study
criteria for participant safety (such as inclusion/exclusion criteria) [157]. This risk assessment,
and our attempts to further reduce risk, made us comfortable with performing the TMS protocol.
3.5

Overall Conclusions
In this study we evaluated the contribution of each hemisphere to individuated finger

force control using TMS. We found that we could evoke individuated and well-directed finger
force using motor imagery in TD children. TMS could evoked finger forces in children with hCP
as well, but the impact of motor imagery was not as clear. In one participant with hCP motor
imagery produced only small changes in force individuation, while in the other participant the
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motor imagery of the index finger resulted in poorer individuation for the index finger but better
individuation for the thumb. Importantly, ipsilateral stimulation in this participant showed a
strong connection to the hand muscles. These ipsilateral connections in children with hCP
warrant further exploration. In accordance with other studies, we found the single-pulse TMS to
be well tolerated and safe. TMS has a level of safety for TD children and children with CNS
disorders (e.g. cerebral palsy) which is similar to the safety level in neurologically intact adults
[152]. Four review articles found that single-pulse TMS was safe for typically developing
children and children with various neurological conditions, including hCP [153–156]. These
reviews found no instances of significant adverse reactions and suggest that TMS bears minimal
risk to typically developing children or children with neurological conditions. Consideration of
study design, such as such as inclusion/exclusion criteria, can further reduce risk for participants
[157].
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CHAPTER 4:

Development of a Finger Individuation Training Platform or
Hemiplegic Cerebral Palsy

Adapted from: J. McCall et al., “Compliant Actuators for Hand Exoskeletons”, in
2020 IROS Mech. And Des. Workshop
Adapted from: J. McCall and D. Kamper, “High Compliance Pneumatic Actuators
for Palmar Finger Extension”, in 2021 43rd EMBC
4.1

Introduction
With an incidence rate of three of every thousand lives births, cerebral palsy (CP) is the

most common movement disorder in children. Currently 800,000 people in the U.S. alone have
CP [3,118]. Children with CP are likely to have significant hand impairment [6,7], which can
lead to decades of disability, as children with CP overwhelmingly live well into adulthood [8].
A common therapy for upper extremity rehabilitation involves repetitive practice of
movement [133,158]. Techniques such as constraint-induced movement therapy [23,159,160]
and HABIT [21,24,81,92,161,162] have been developed to encourage this targeted practice.
Exoskeletons can also help to facilitate practice by providing assistance to enable completion of
movement [163–165]. These devices tend to employ rigid actuators and structures that may
introduce considerable mass with respect to the mass of the fingers and hand, especially in
children. The added mass and inertia may disturb control and movement of the hand.
In an effort to reduce weight and improve comfort, soft actuators have been created [165–
168]. These actuators typically consist of chambers that expand with fluid or air flow, thereby
producing movement of attached body segments. Soft actuators are able to conform to irregular
shapes, while offering potential improvements in fit, comfort and customization over devises with
rigid actuators. Soft actuators may be invaluable when actuating the fingers and thumb in the
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hand, where space is limited, adding mass is costly, and there are many degrees of freedom to
control.
Current soft actuator design for the hand, however, is typically focused on pushing the
digits into flexion from the dorsal side of the hand [166,169]. While flexion and grasp may be
limited in children with CP, digit extension usually has even greater relative impairment in
populations with motor impairment [170]. This extension can be assisted through soft actuators
placed on the palmar side of the hand [112], but this arrangement adds to demands on the
actuator in terms of compliance and tolerance for distortion during flexing. Palmar placement of
the actuators, as opposed to dorsal placement, is desirable because the actuators can push rather
than pull the fingers into extension. This leads to reduced compressive forces in the joint and
eliminates rubbing on the joints. In past studies, we observed the potential for placing soft
pneumatic actuators on the palmar side of the hand using a polyurethane-based actuator.
However, this polyurethane-based actuator was difficult to fabricate and customize to different
hand sizes and shapes [112,171,172]. PVC pneumatic actuators have been used by others in the
past, but finger extension torque was limited [163]. We identified a need for new actuators which
were easy to fabricate while achieving a low bending resistance and maintaining a high extension
force. For this study, we designed and tested a variety of elastomer-based actuators and
integrated them into a finger extension exoskeleton.
The goal of this work was to we design, fabricate, and test novel, elastomer-based
pneumatic chambers that could be used on the palmar side of the hand to assist finger extension.
To explore the potential solution space, we evaluated a set of chambers with varying
characteristics: shape, size, and wall thickness. Each chamber was tested over a range of
pressures (0-48.3 kPa) and bending angles (0-75°). Due to the palmar location of the actuator, it
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is important to balance the trade-off between the ability to create large active extension forces
and the need for low passive bending resistance. Finite element models of the pneumatic
actuators were developed to enable further exploration of chamber properties. We hypothesized
the that the rectangular cross-sectional shape would yield higher extension force and higher
passive bending resistance than the semi-obround shape and that the extension force produced
would increase with increased pressure and bending angle. Our target extension torque was 0.50
N-m (average extension force deficit of adult stroke survivor with severe hand impairment) [173]
and our maximum target passive bending resistance torque was 0.05 N-m to achieve high
compliance.
4.2

Methods

4.2.1 Methods: Actuator Design & Fabrication
Pneumatic chambers were designed in SolidWorks (Dassault Systèmes, France) and
created with an elastomer using a molding process [174]. The 3D printed molds contained a twopart cavity. Placing an insert within the center of the cavity enabled creation of the chamber
walls (Figure 4.1); a platinum-cured silicone rubber, Dragon Skin 20 (Smooth-On, Inc., US),
was poured into the mold to fill the negative space left between the cavity and the insert, thereby
forming the actuator. Dragon Skin 20 was selected based on its excellent ability to resist pressure
compared to other silicone rubbers [165] while remaining sufficiently compliant to minimally
impede desired chamber flexion.
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Figure 4.1: Actuator mold design. Open rectangular tube with insert retention at both ends.

Fourteen different types of actuator chambers were created, representing combinations of
cross-sectional shape (semi-obround or rectangular) wall thickness (0.8-mm, 1.3-mm, or 1.8mm), actuator width (7.2 mm, 9.6 mm, 12.1 mm) and depth (7.4 mm, 9.9 mm, 12.4 mm) (Figure
4.2). Changes in wall thickness and actuator width and depth were compared with baseline
dimensions of 1.3-mm, 9.6 mm, and 9.9 mm (Figure 4.2B), respectively.

Figure 4.2: Actuator Design and Dimensions. A. Cross-sectional dimensions of the baseline rectangular
semi-obround actuators. B. The dimensional variations used to create different actuators.
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Rectangular and semi-obround cross-sections were selected based on preliminary testing
and past work [174] that identified the rectangular cross-section as generating the highest
extension force and the semi-obround cross-section as having the lowest passive bending
resistance out of a wider selection of cross-sectional shapes. Rectangular and semi-obround
cross-sections have been successfully used in other pneumatic actuators [175,176]. The semiobround chambers were fabricated with the same cross-sectional widths and areas as the
rectangular chambers (Figure 4.2A) to facilitate direct comparison. Additionally, an existing
polyurethane-based air chamber was tested [112] for comparison with the DragonSkin 20.
Actuator extension force and passive bending resistance were measured using a custom
fixture which was intended to mimic articulation of a 7.6 cm long finger about the
metacarpophalangeal joint (Figure 4.3). The tip of the fixture was in contact with a force/torque
sensor (Mini40, ATI Industrial Automation, Inc., US) positioned perpendicular to the long axis
of the fixture. Actuator inflation pressure was computer-controlled through a digital-to-analog
converter (USB-3101, Measurement Computing, USA) and an electropneumatic servo valve
(Proportion Air, USA). Actuators were tested at 5 pressures (0, 6.9, 20.7, 34.5, and 48.3 kPa)
within the servo valve’s range (0-69.0 kPa) and at 5 bending angles (15°, 30°, 45°, 60°, and 75°).
Additionally, a vacuum was applied to each actuator to examine the impact on passive bending
resistance.
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Figure 4.3: Actuator and Test Fixture. A) Semi-obround actuator with overmolded air
connector. B) Actuator test setup with loadcell and jointed fixture.

4.2.2 Methods: Actuator Simulation
One concern regarding previous polyurethane actuator designs was the propensity for
kinks to form in the chamber at even moderate bending angles. The kink would greatly reduce
the airflow and thus the extension force. To analyze airflow and chamber deformation of our
actuators, a finite element model (FEM) of each of the fourteen actuator chambers was created in
SolidWorks (Figure 4.2). Each chamber was represented as a mesh with approximately 10,000
tetrahedral elements. The total number of elements differed slightly for each model depending on
shape and size. Elements had a size of approximately 2 mm on edge. Linear elastic isotropic
characteristics and Dragon Skin 20 material properties were employed for the models.
Simulations were performed for each of the FEMs. Each actuator design was deformed to
create a 35° bend and the passive bending resistance was measured during the deformation
(Figure 4.4). The minimum channel diameter and 5 PSI airflow rate of each actuator was
sampled at several bending angles. The deformed actuator model was sampled at the point at
which is had a 15° angle and was then pressurized to 1, 3, and 5 PSI and the extension forces
generated were measured.
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Figure 4.4: Cross-section of a chamber after deflection. Post-deformation flow
trajectories are visible.
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4.2.3 Data Analysis
Empirically Tested and Simulated Actuators:
Repeated measures ANOVAs were performed, for the empirically obtained data and
simulation data, using SPSS to determine the effect of the between-sample actuator
characteristics (shape, width, depth, and wall thickness) on extension force at the “fingertip”.
Joint angle and actuator pressure comprised the within-sample factors. Evidence of a significant
effect led to post-hoc Tukey tests to examine differences among levels of the significant
independent factor. This procedure was repeated for the dependent variable of the fingertip force
resulting from passive resistance to bending the actuator. To validate the simulation results,
Pearson correlation coefficients were computed between the passive bending resistances and
extension forces of the empirical and simulated data. P-values of 0.05 or less were considered
significant.

4.3

Results

4.3.1 Results: Actuator Fabrication and Testing
The fourteen actuators, one for each set of parameters, were successfully fabricated out of
DragonSkin 20. After fabrication, uniformity of wall thickness was measured in three chambers
with different nominal wall thicknesses. The measured wall thickness for each chamber was
(mean ± standard deviation): 0.78±0.05 mm, 1.22±0.06 mm, and 1.82±0.04 mm, respectively.
On average the mean thickness was within 0.04 mm of the desired value and the standard
deviation did not exceed 0.06 mm.
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4.3.1.1 Active Extension Force
Actuator characteristics: The actuators with a 0.8-mm wall thickness were unable to
withstand pressures greater than 20.7 kPa, so data was analyzed in two sets. One set (AllPressures) included all pressures but excluded data from the 0.8-mm actuators, while the other
set (All-Thicknesses) included all actuators but excluded pressures greater than 20.7 kPa. For the
All-Thicknesses dataset, the between-sample factors of shape (p = 0.01) and wall thickness (p =
0.02) were found to be significant, and each explained a significant portion of the variance in
active extension force generated (ηp2 = 0.71 and ηp2 = 0.73, respectively) (Table 4.1). Extension
forces for the rectangular actuators were greater than those for the obround actuators. Post-hoc
Tukey test revealed that extension force was greater for the 1.3-mm wall thickness than for the
0.8-mm thickness (p=0.02). The extension force did not significantly increase as wall depth and
width increased (p = 0.15). For the All-Pressures dataset, shape also significantly affected
extension force (p = 0.04), with greater extension forces for the rectangular shape. Depth
approached having a significant impact on extension force (p = 0.07); the greatest depth
generated 0.50 N more force than the smallest depth (Figure 4.5).
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Figure 4.5: Average actuator extension force according to actuator characteristics. Values are
averaged across range of pressures and bending angles. Error bars represent standard error.

Actuator pressure: Across actuators, extension force consistently increased as pressure
increased up to 48.3 kPa. (Figure 4.6). The within-sample factor of pressure explained a
significant amount of the variance for the All-Thicknesses and All-Pressures datasets (p = 0.02,
ηp2 = 0.66; p = 0.04, ηp2 = 0.57, respectively) (Table 4.1). Maximum fingertip extension forces
surpassed 3.0 N for some of the actuators at the 48.3 kPa pressurization. A maximum “fingertip”
extension force of 3.6 N was obtained for the rectangular shape with the 1.8-mm wall thickness.
This translates into 0.33 N-m of torque at the joint of the test fixture. The increase in extension
force with increasing pressure was typical across all test angles.
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Figure 4.6:. Extension Force over Range of Pressures. The extension force created by
different actuators for a joint rotation of 45° of flexion across a range of pressures. Top
row: obround shape. Bottom row: rectangular shape. Left column: different wall
thicknesses. Right column: different widths and depths - dotted lines indicate smallest
values and dashed lines indicate largest values.

Joint angle: Extension force creation tended to be greater at more flexed joint postures
across other conditions up to roughly 45° of flexion. Beyond this level of bending, extension
force remained fairly constant (Figure 4.7). The relationship at 20.7 kPa depicted in Figure 4.7
was typical across pressures. The within-sample effect for bending angle was significant and
explained a large portion of the variance for the All-Thicknesses and All-Pressures datasets (p =
0.05, ηp2 = 0.43; p < 0.01, ηp2 = 0.84) (Table 4.1). The two highest extension forces were
produced at 75° of flexion and a pressure of 48.3 kPa (5.4 N for the rectangular shape with the
greatest width and 4.8 N for the rectangular cross-sectional shape with the greatest depth). Both
actuators underwent plastic deformation at this joint angle and pressure and expanded
excessively. The greatest extension force (3.6 N), without excessive expansion, occurred at 60°
of flexion, and a pressure of 48.3 kPa.
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Figure 4.7: Extension Force over Range of Flexion Angles. The extension force created by
different actuators pressurized to 20.7 kPa across a range of angles. Top row: obround shape.
Bottom row: rectangular shape. Left column: different wall thicknesses. Right column: different
widths and depths - dotted lines indicate smallest parameter values and dashed lines indicate
largest values.

Table 4.1: Repeated Measures Analysis of Extension Force

Effect Levels 1-3: Shape: Rectangular, semi-obround; Thickness: 0.76mm, 1.27mm, 1.78mm; Depth: 7.4mm, 9.9mm, 12.4 mm;
Width: 7.2mm, 9.6mm, 12.1 mm. * Indicates groups are significantly different: p < 0.05. Significance is indicated within each
row across levels.
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4.3.1.2 Passive Bending Resistance
Passive bending resistance of the actuators was examined at atmospheric pressure and
under a vacuum. At atmospheric pressure, the between-sample effects of actuator shape,
thickness, depth, and width were not significant (Table 4.2). Passive bending resistance was 0.07
N higher for the rectangular actuators on average, but the difference was not significant. There
was no significant change in force due actuator depth, width, or wall thickness (Figure 4.8).

Figure 4.8: Average passive bending force according to different actuator characteristics. Values are
averaged across range of pressures and bending angles.

Passive bending resistance in some cases begins to increase substantially as extreme
bending angles are approached (Figure 4.9). Application of the vacuum flattened the shape of
the actuators and decreased passive bending resistance by an average of 0.15±0.08 N (Table 4.2).
For actuators under vacuum, the thickness, depth, and width had significant between-sample
effects (Table 4.2Error! Reference source not found.). Passive bending resistance was smaller
for the actuators with 1.3-mm thick walls than for those with other wall thicknesses (p < 0.01),
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and for actuators with depths of 9.9 mm in comparison to 7.4 mm in depth (p = 0.02). At angles
of 15°, and 30°, the vacuum almost eliminated the passive bending resistance. At greater bending
angles, it served to limit passive bending resistance to 0.02 N at 45°, 0.13 N at 60°, and 0.38 N at
75°.

Figure 4.9: Passive Bending Resistance over Range of Flexion Angles. Top row: obround
shape. Bottom row: rectangular shape. Left column: different wall thicknesses. Right
column: different widths and depths - dotted lines indicate smallest parameter values and
dashed lines indicate largest values.

Table 4.2 Repeated Measures Analysis of Passive Bending
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Effect Levels 1-3: Shape: Rectangular, semi-obround; Thickness: 0.76mm, 1.27mm, 1.78mm; Depth: 7.4mm, 9.9mm, 12.4 mm;
Width: 7.2mm, 9.6mm, 12.1 mm. Symbols indicate significantly different groups: *,† p < 0.05. Significance is indicated within
each row across levels.

4.3.2 Results: Actuator Simulation
Validation of Simulations by Empirical Data: Simulations of passive bending were
performed at 15° and 30° of flexion for all 14 actuator iterations. Across cross-sectional shape,
wall thickness, chamber depth, and chamber width, the Pearson correlation analyses revealed
significant agreement between the empirical and simulation data (15°: R = 0.659, p = 0.001; 30°:
R = 0.606, p = 0.022). Simulations of inflation were performed at 15° for 20.7 kPa of pressure.
At 15° of flexion, the Pearson correlation between simulated and empirical extension forces was
positive (R = 0.452) and approached significance (p = 0.105).
SolidWorks Actuator Cross-section: The ANOVA performed on simulation data
indicated that shape and depth had a significant effect (p=0.043, p = 0.001) on minimum crosssectional distance, the minimum separation of the top and bottom walls of the actuator along
central cross-section, during bending of the chamber and each explained a significant portion of
the variance (ηp2 = 0.523, ηp2 = 0.896). Minimum cross-sectional distance was increased by a
non-significant amount as wall thickness increased from 0.8 mm to 1.8 mm (p = 0.233). On
average, increasing wall thickness from 0.8 mm to 1.8 mm increased the minimum crosssectional distance by 1.1 mm. Minimum cross-sectional distance was increased by a significant
amount as actuator depth increased from 75% to 125% (p<.001). On average, increasing actuator
depth from 75% to 125% increased the minimum cross-sectional distance by 3.8 mm. Minimum
cross-sectional distance was decreased by a non-significant amount as actuator width increased
from 75% to 125% (p=0.176). On average, increasing actuator width from 75% to 125%
decreased minimum cross-sectional distance by 1.2 mm. Minimum cross-sectional distance was
decreased by a non-significant amount as actuator bending increased from 0 to 30°. On average,
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increasing actuator bending angle from 0° to 30° decreased minimum cross-sectional distance by
4.4 mm. Large changes in minimum cross-sectional distance only occurred after the angle
increased to 23° or more, and actuators with thick walls or reduced widths were largely
unaffected even at the higher bending angles. The actuators with the largest decreases in
minimum cross-sectional distance were the 0.8-mm wall actuator for the obround cross section
(decreased by 5.3 mm) and the 125% width actuators for the obround and rectangular cross
sections (decreased by 9.1 mm, and 3.4 mm).
SolidWorks Actuator Flowrate: The ANOVA examining the effect of chamber
parameters on flowrate through the chamber revealed that depth and width significantly affected
flowrate (p < 0.001, ηp2 ≥ 0.990). In general, deeper and wider actuators led to greater flowrates.
The 125% depth actuators had a flowrate 0.018 kg/s greater than the 75% depth actuators, an
increase of more than 50%. The 125% width actuators had a flowrate 0.008 kg/s greater than
75% depth actuators. In contrast, shape and wall thickness did not have a significant effect on
flowrate (p > 0.05).
4.3.3 Results: Hand Exoskeleton Prototype Fabrication and Testing
After completing empirical and simulation testing of actuator designs, we identified the
baseline rectangular actuator (1.3-mm wall thickness, width of 9.6 mm, and depth of 9.9 mm) as
having the best set of characteristics, it had high extension force and low passive bending
resistance. Thinner walled actuators could not handle high enough pressures, thicker walled
actuators had higher passive bending resistance. Wider or deeper actuators may have difficulty
fitting on the hand. Using these actuators, we created a prototype hand exoskeleton (Figure
4.10). The chambers were 150 mm in length to span an entire adult finger. Lycra tubes were then
sewn to the palmar side of a glove and the actuators were inserted into the Lycra tubes. These
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tubes helped to guide expansion of the pneumatic chambers and limit interference between
chambers on adjacent digits. Lycra was selected as the fabric to minimize any additional passive
bending resistance.

Figure 4.10: Hand Exoskeleton Prototype. Athletic glove with Lyrca tubes and elastomeric actuators
(Dragon Skin 20). Worn on the left hand.

The operating bandwidth of these actuators was determined by examining the force
production rate at of the actuator when at a 45° bending angle. The actuator was pressurized to
each of the following levels: 6.9, 20.7, 34.5, and 48.3 kPa. The time it took each actuator to reach
95% of the stable maximum extension force was determined to be, in order of increasing
pressure, 1.0, 0.7, 0.38, and 2.1 seconds. The time to pressurize decreases as pressure increases,
until pressure reaches 48.3 kPa, at which point the actuator begins undergoing prolonged
expansion and possible plastic deformation. This actuator deformation slows the rate of
pressurization. It could be eliminated by using a stretch-limiting material in addition to the
Dragon Skin 20. The time for pressurization was lowest for 34.5 kPa, taking only 0.38 seconds
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(Figure 4.11). This means that the glove could facilitate multiple finger movements, extensions,
or restrictions per second.

Figure 4.11: Representative example of a baseline rectangular actuator extension force. Pressurized
to 34.5 kPa. The vertical black line indicates the point at which 95% of steady state force has been
reached, 0.3750 seconds after the start of pressurization.

The polyurethane actuator design, which the Dragon Skin 20 actuator was created to
replace, was previously tested to determine the obtainable flexion/extension rate (voluntary
flexion, pressurized extension) which a user wearing the glove could achieve [177]. It was found
that the polyurethane actuator could perform a flexion/extension cycle every 1.66 seconds. This
test was repeated using the Dragon Skin 20 actuator in the glove, the pressurized extension was
performed at a pressure of 34.5 kPa. The Dragon Skin actuator was able to perform a
flexion/extension cycle in an average of only 1.1 seconds (Figure 4.12). This enables a
maximum rate of 3340 cycles per hour, which is a substantial improvement over the maximum
2169 cycles per hour measured for the polyurethane actuator design.
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Figure 4.12: Flexion/Extension cycle of exoskeleton prototype. During extension, glove was
pressurized to 34. kPa. Joint angle measurement was capped at a maximum value of 80°.

The functionality of the glove during an actual grasp was then tested (Figure 4.13). The
glove was instructed to 1) provide finger extension torque, 2) allow hand positioning for object
grasp, 3) deflate to allow object grasp, and 4) and then pressurize to cause release of the bottle.
The glove was able to successfully facilitate finger extension and did not interfere with the
ability to grasp and release a water bottle.
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Figure 4.13: Grasp and transport of water bottle while wearing exoskeleton prototype. Actuators
were pressurized to facilitate finger extension prior to grasp and release of the water bottle after transport.

These newly developed actuators and exoskeleton prototype were then incorporated into
a previously developed platform for training individuated movement of the digits. The glove
includes 10 resistive bend sensors (Flexpoint Bend Sensor, 2”, unlaminated) positioned over the
metacarpophalangeal, proximal interphalangeal, and thumb interphalangeal joints. These data are
recorded by a microprocessor (Rabbitcore 3400, Digi Inc.) which wirelessly (XBEE Pro, Digi
Inc.) transmits the data to a computer running a custom virtual reality environment (Unity, Unity
Technologies, USA) consisting of a virtual keyboard and avatar hand. In this manner, user
movement of the actual finger can produce corresponding movement of the finger on an avatar
hand. Sufficient finger flexion causes the key under the avatar finger to be played. The soft
exoskeleton supports practice of individuated movements by resisting inadvertent finger flexion
and assisting finger extension. Figure 4.14 provides an overview of the information flow among
the different system components.
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Figure 4.14: Block Diagram of Training Platform.

Two new therapy modes were introduced to expand the capabilities of the system. The
bimanual therapy mode (Figure 4.15) allows two instrumented gloves to be used to control two
separate hand avatars in the virtual environment. The music therapy mode incorporates simple
pre-set songs to train movement of specified digits. Musical notes (e.g., ♫) scroll across the staff
to guide users as to which keys to press and their timing.

Figure 4.15: Bimanual training mode for VR keyboard.

The updated individuation training system was evaluated for functionality. After the
training system was modified, but before the polyurethane actuators were replaced by the
elastomeric actuators, the system was tested by five neurotypical adults for three sessions each
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(15 sessions total). The system successfully performed over the fifteen hours of operation. Based
on feedback from the users, we decided to develop actuators which were more customizable and
more easily fabricated, with higher extension torque and less tendency to kink at high bending
angles. This led to the development of the Dragon Skin 20 based actuators.
4.4

Discussion
Wearable, actuated devices for hand rehabilitation are currently being studied for use in a

variety of patient populations, including individuals with CP [163,165]. Many of these
individuals need active assistance for digit extension due to limited voluntary activation of digit
extensor muscles and involuntary, detrimental activation of digit flexor muscles [173].
Previously developed exoskeletons typically employed rigid actuators such as electric motors to
provide extension assistance [164]. These rigid actuators are relatively heavy and bulky. Soft
actuators possess potential advantages in terms of weight, bulk, and flexibility, but have typically
been used to create active finger flexion. Active assistance of finger extension could be achieved
by placing soft actuators on the palmar side of the digit and inflating the actuator to extend the
digit. This actuator arrangement is easier on the joints as they are pushed rather than pulled into
extension, thereby reducing joint contact forces. Additionally, the actuators do not need to stretch
to accommodate joint flexion, as would be needed with a dorsal location. The palmar location
does not preclude interaction with real objects. When deflated, the thin chambers permit
dexterous manipulation of objects. For the palmar placement, however, a trade-off exists
between the potential to provide active extension and the passive resistance to finger flexion
created by the presence of the actuators. As clinical populations may exhibit deficits in finger
flexion as well as extension, it is important to minimize external flexion resistance.
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We designed soft actuators, intended for palmar placement. The actuators were easy to
fabricate from the Dragon Skin 20 and required minimal equipment. The actuators provided
substantial extension force at the “fingertip” of the fixture (up to 3.6 N) and extension torque
(0.33 N-m) at low pressures. While this is less than the 0.50 N-m target torque, the actuators
performed favorably in comparison with other pneumatic actuators, when accounting for
differences in actuator size and pressure. Extension torque might be further increased by
increasing pressure beyond 48.3 kPa (force increased roughly linearly with pressure). The
DragonSkin actuators provided extension forces four times greater than the previous
polyurethane actuator [112], and greater torque than PVC actuators at half of the input pressure
(0.09 Nm of torque for 96 kPa of pressure)[163]. Actuator extension force increased with
bending angle until 45° of bending and remained relatively constant at greater angles. Beyond
45°, kinking in the chamber may have restricted air flow, thereby preventing further force
increases. Considerable extension force was still seen, however, even at 75° of flexion.
Experimental testing revealed that actuator shape and wall thickness were found to have
the greatest effect on finger extension force of the parameters tested. A rectangular cross-section
produced higher extension forces than the obround cross-section, and thicker actuator walls
increased extension force at low pressures. The thicker walls also enabled the use of higher
pressures. Rectangular actuators may have produced higher extension due to their greater surface
area resulting in a greater cross-sectional area under pressure, which is associated with greater
extension force [178]. To minimize passive bending resistance, we did not incorporate features
such as torque-compensating layers or complex geometries, such as sinusoidal channels [165] or
multiple segments [179]. This also simplified fabrication, although these features could be
incorporated if greater extension force is required.
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The designed pneumatic chambers remained very compliant. Passive resistance to
bending was low. On average, the actuators successfully met the target of less than 0.05 N-m
passive bending resistance. The average passive bending torque was 0.02 N-m, and only 0.01 Nm under vacuum. Thus, the actuators are acceptable for placement on the palmar surface of the
digits. Passive resistance of the chambers to imposed bending was most affected by crosssectional shape, with rectangular actuators having higher passive bending resistance than semiobround actuators. Passive bending resistance did not consistently increase as actuator depth,
width or wall thickness increased, but did tend to increase as the bending angle increased.
Applying a vacuum pressure to the actuators significantly decreased the passive bending
resistance of the actuators. The vacuum also helped to flatten the pneumatic chambers, thereby
providing a low profile.
The actuator with the best balance of extension force and passive bending resistance was
the rectangular actuator with 1.3-mm wall thickness and baseline width and depth of 9.6 mm and
9.9 mm. Actuators with these baseline depth and width values had the lowest passive bending
resistance and had similar extension force compared actuators with increased depth or width.
However, if a vacuum can used to sufficiently decrease the passive bending force, then it may be
appropriate to focus solely on maximizing extension force through the use of thicker-walled
actuators, which can withstand higher pressures.
The SolidWorks simulations found that thin-walled actuators and wider actuators saw
greater narrowing of the chamber during bending, although airflow simulations found that this
narrowing did not cause large decreases in flow. In fact, regardless of actuator characteristics,
none of the actuators saw significant changes in flowrate up to the 30° of flexion simulated. This
is likely due to the relatively large cross-sectional areas used for these actuators, especially
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compared to past PVC actuators [163]. At greater flexion angles, however, flow restrictions may
become apparent.
While we performed an expansive exploration of the parameter space for the actuators,
the search was not exhaustive. Other shapes or geometries may further improve performance.
We were able to identify a set of parameters for easily fabricated actuators that performed well in
terms of producing active extension assistance while minimally impacting flexion, but we did not
examine robustness. Future cyclic loading should be performed to examine the impact of
repetitive use on actuator properties, including material fatigue. The impact of temperature
should also be explored.
Use of a cotton-based fabric rather than Lycra material may improve incorporation of the
actuators into a soft exoskeleton. While the Lycra is attractive for its small resistance to passive
bending, less stretch might better control chamber expansion to produce stronger active
extension assistance. This fabric may also support the use of higher air pressures. Preliminary
experiments were performed with combining the elastomer-based actuator and fabric tubes into a
single composite material (Figure 4.16). DragonSkin 20 was thinned with mineral spirits until it
achieved a very low viscosity. The thinned elastomer was then wetted onto a fabric tube. The
fabric absorbed the material and the elastomer was given time to cure. Multiple layers of
elastomer were applied, and an airtight elastomer/fabric actuator was fabricated. Composite
material actuators of this type might achieve very low bending resistance, and weight while still
being very robust and able to withstand high pressures.
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Figure 4.16: Composite Material Actuator. Lycra fabric embedded with DragonSkin 20.

We conclude that the actuators presented here would be appropriate for use in a finger
extension hand exoskeleton, and that they compare favorably to past, similar exoskeletons.
Actuator performance varied as predicted with changes in actuator dimensions, and these
elastomeric actuators do not have the same issue with pressurization at high bending angles that
PVC actuators have. The Dragon Skin 20 actuators successfully provided high extension torque
and low passive bending resistance, especially low bending resistance under the application of
vacuum.
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CHAPTER 5:
5.1

Conclusions, and Future Work

Conclusions
In Chapter 1, it was found that most upper limb evaluations of motor function for

children with hemiplegic cerebral palsy (hCP) were focused on more proximal joints, such as the
shoulder or elbow, or gross movements of the hands. Few evaluations of fine motor control of
the hand were identified, despite the importance of such sensorimotor control to overall function.
We identified finger individuation as a critical aspect of hand function that has been
insufficiently explored in the hCP population.
In Chapter 2, deficits in the ability of children with hCP to independently control their
fingers were demonstrated. Children with hCP displayed greatly reduced finger movement
individuation and force individuation in their paretic hand compared to their typically developing
(TD) peers. Significant deficits in force individuation were also seen in the non-paretic hand.
These deficits appeared to have a neurological origin as analysis of HD-EMG data showed less
differentiation in activation patterns with task for children with hCP. Movement and force
individuation correlated significantly with each other and with clinical hand function assessment
scores when examined across populations and dominant/non-dominant hands. Children with hCP
appeared to have greater movement individuation deficits than force individuation deficits for the
paretic hand, while the nonparetic hand had negligible movement individuation deficits
compared to the dominant and non-dominant hands of the TD children.
In Chapter 3, we examined the contributions of contralateral and ipsilateral corticospinal
pathways to control of individuated finger forces. In TD children, motor imagery significantly
increased the finger forces elicited by transcranial magnetic stimulation (TMS) of the
contralateral M1 hemisphere. The increase was specific for the index finger being imagined and
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thus led to increased force individuation only for the targeted digit. During voluntary
individuated force production, TMS disruption of the contralateral hemisphere caused an
increase in the solid angle of the finger force with respect to the normal direction and decreased
individuation. During voluntary individuated force production, TMS disruption of the ipsilateral
hemisphere caused a decrease in the solid angle of the finger force and increased individuation.
However, for the hCP participant motor increased evoked forces and individuation of force for
the thumb rather than the imagined index finger. The thumb had a much higher level of function
than the index finger. Ipsilateral and Contralateral hemispheres evoked similar individuation
patterns, but the ipsilateral side evoked higher magnitude finger forces. Motor imagery during
ipsilateral stimulation appeared to decrease the solid angle of the force. During voluntary force,
real stimulation of either hemisphere caused a decrease in force amplitude. During voluntary
individuated force production, TMS disruption of the contralateral hemisphere caused increased
individuation. During voluntary individuated force production, TMS disruption of the ipsilateral
hemisphere caused decreased individuation.
In Chapter 4, We described the simulation, fabrication, and performance of elastomeric
actuators. Finite element model simulations were performed which were able to help guide and
identify suitable actuators for fabrication and testing. We successfully fabricated the soft,
pneumatic actuators and were able to identify actuator characteristics which gave adequately
high extension torque and low passive bending resistance. The best performing actuator design
was incorporated into a glove to create a hand exoskeleton. User testing of the exoskeleton found
that the glove was able to provide reasonable finger extension torque while still allowing the user
to interact with everyday objects. This exoskeleton was useable with an improved version of a
finger individuation training platform.
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5.2

Future Work
Further testing of more children, especially children with hCP, would expand our

knowledge of the development of fine motor control in the hand and how this progression is
impacted by CP. Designing low-cost versions of the instruments used to evaluate force and
movement individuation would allow for clinical uptake. This could also encourage multi-site
data collection efforts.
Additional TMS data for TD and hCP populations should be collected. This pilot study
showed the feasibility of conducting such experiments with these populations. Ideally, magnetic
resonance imaging of each subject’s brain would be performed to enable use of guided
neuronavigation for more precise application of TMS stimulation. It would also be beneficial to
examine the use of repetitive TMS and motor imagery as tools for training hand function in
children.
The actuators for the hand exoskeleton need additional testing to determine their
robustness. Cyclical testing of actuators would determine how quickly actuators become
damaged and if their performance changes with use over time. Once validated, these actuators
could be incorporated into clinical studies examining the efficacy of finger individuation training
for children with hCP. The efficacy of different training modalities (e.g., unimanual training,
bimanual training, combined use of the hand exoskeleton and functional electrical stimulation)
should be examined. Training of individuated finger force, in addition to individuated motion,
should be explored. The finger force individuation assessment platform can be adapted for use as
a force individuation training platform.
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