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Abstract This study examined grip force development in
individuals with hemiparesis following unilateral stroke.
Eleven patients with chronic stroke with severe hand
impairment and five age-matched neurologically intact
subjects grasped an instrumented object between the index
finger and thumb while fingertip forces, digit posture, and
muscle electromyographic activity were recorded. We
tested a range of different grip conditions with varying grip
sizes, object stability, and grip force level. We found that
fingertip force direction in the paretic digits deviated from
the direction normal to the grip surface by more than twice
as much as for asymptomatic digits. Additionally, the
paretic thumb had, on average, 18% greater deviation of
grip force direction than the paretic index finger. This large
deviation of finger force direction for the paretic digits was
consistently observed regardless of grip size, grip force
level, and object stability. Due to the large deviation of the
force direction from the normal direction, the paretic digits
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slipped and moved more than 1 cm during 55% of all
grasping trials. A regression analysis suggests that this
altered grip force direction was associated with altered
hand muscle activation patterns, but not with the posture at
which the digit made contact with the object. Therapies to
redirect the force direction at the digits may improve stroke
survivors’ ability to stably grip an object.
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Introduction

Stroke is a leading cause of long-term disability in the
United States and the third most frequent cause of death,
following diseases of the heart and cancer (Thom et al.
2006). Of the more than 700,000 Americans who expe-
rience a stroke each year (Thom et al. 2006), two-thirds
survive (Broderick et al. 1998), leading to a current
population of more than five million stroke survivors in
the United States. (American Heart Association 2005).
Many of these individuals have long-term motor and
sensory impairments (Woodson 2002), especially in the
arm and hand (Parker et al. 1986; Gray et al. 1990;
Nakayama et al. 1994b). Studies report that 69% of
patients who were admitted to a rehabilitation unit fol-
lowing stroke have mild to severe upper extremity dys-
function (Nakayama et al. 1994a), and only 14-16% of
stroke survivors with initial upper extremity hemiparesis
regained near-complete motor function (Parker et al.
1986; Nakayama et al. 1994a). Chronic deficits following
stroke are especially prevalent in the hand and therefore
diminish the capacity to grasp (Trombly 1989; Kamper
et al. 2003). As hand grasp has great functional
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importance for performing activities of daily living, the
impairment in grasping significantly lowers stroke survi-
vors’ functional independence and ability to perform
activities of daily living.

The difficulty in achieving a stable grasp may be related
to a variety of impairments, including reduced grip strength
(Boissy et al. 1999), exaggerated grip force fluctuation
(Blennerhassett et al. 2006), and deficits in predictive grip
force control following stroke (Nowak et al. 2003; Nowak
and Hermsdorfer 2005). More importantly, it may result
from altered finger force direction during grasp. To grasp
an object, properly scaled and directed forces should be
generated by the digits (Johansson and Westling 1984;
Gordon et al. 1991). In stroke survivors, attempted gener-
ation of grasping force with the paretic hand often leads to
the object slipping out of the hand. This suggests grip force
imbalance and altered finger force direction are interfering
with proper grasp of the object. Altered finger force
direction can result in reduced normal force and increased
shear force, both of which can lead to a higher probability
of finger-object slip or grip loss.

Two key factors that affect the development of force
direction with respect to the object are digit posture with
respect to the object and net force vector direction of the
digit tip. Inability to produce proper hand posture with
respect to the object (Woodson 2002; Kamper et al. 2003;
Lang and Schieber 2004) could lead to object slippage even
if the forces produced by the digits were the same as in
unimpaired hands. Additionally, abnormal muscle activa-
tion patterns of hand muscles (Kamper et al. 2003; Cruz
et al. 2005) could result in inappropriately directed force
vectors at the digit tips.

Clinical studies have shown that some grasping tasks are
consistently easier for stroke survivors to perform than
other grasping tasks, depending on grip size and grip type
(Woodbury et al. 2007). It may be that the extent of altered
finger force direction varies with object size or object
stability. Object size variation may change the required
hand posture or the required muscle activation patterns
(Kamper et al. 2006). Stabilizing the object places addi-
tional constraints on the task, possibly making successful
grasping much more difficult for stroke survivors.

The main aim of this study was to examine whether digit
force vectors from paretic hands are deviated in direction
from those observed in asymptomatic digits during pinch
grip. This information has important functional implica-
tions, since altered finger force direction (e.g., greater ratio
of shear force to normal force) may explain the unstable
grip observed for stroke survivors. In addition, this study
examined whether finger posture relative to the object and
muscle activity was associated with the potential change in
force direction. These outcomes were measured across
objects of different size and stability.
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Methods
Subjects

Eleven subjects with chronic hemiparetic stroke and five
age-matched neurologically healthy subjects participated in
the experiment. The inclusion criteria for stroke subjects
were (1) the occurrence of a single stroke at least 9 months
prior to the study; (2) severe hand impairment as indicated
by a rating of Stage 2 to 3 for the Stage of Hand section of
the Chedoke-McMaster Stroke Assessment (Gowland et al.
1995); (3) the ability to produce 5 N pinch force with the
paretic hand; (4) no cognitive dysfunction that precluded
comprehension of experimental tasks; and (5) no history or
clinical signs of concurrent medical problems.

Time since stroke ranged from 15 to 157 months (see
Table 1). Eight stroke subjects had lesions in the right
hemisphere, whereas three stroke subjects had lesions in
the left hemisphere. Seven stroke subjects exhibited sen-
sory deficit for either the paretic thumb or index finger tip
pads, determined by the two-point discrimination test (with
the threshold distance equal to or greater than 6 mm;
Pendleton 2006; Jobe 2007; Magee 2008). Four stroke
subjects did not exhibit sensory deficit for the paretic digits
(with the threshold distance less than 6 mm; Pendleton
2006; Jobe 2007; Magee 2008). No subject exhibited sen-
sory deficit for the non-paretic digits.

The mean age was 51 (standard deviation, SD, = 8) for
stroke subjects and 51 (SD = 3) for control subjects. All
subjects signed the Human Consent Form approved by the
Institutional Review Board of Northwestern University
prior to testing. Both the paretic and non-paretic hands of
stroke subjects were tested. For neurologically intact sub-
jects, only the dominant hand was tested.

Procedure

Subjects were seated in a chair with the elbow flexed at
90° and the forearm resting comfortably in the horizontal
plane. The wrist was maintained in the neutral posture for
all subjects through the use of a splint (Loop Lock Wrist
Splint 1299; Tetra Medical Supply Corp., IL). A custom-
made fixture was applied to the forearm to fix the forearm
and upper arm postures throughout the experiment. An
instrumented object was presented to the subjects between
the thumb and index finger (see Fig. 1). Using the thumb
and index finger, subjects grasped the object for approx-
imately 5 s while three-dimensional (3D) forces at the
index finger and thumb, muscle activity, and digit pos-
tures were recorded. The 3D forces were measured sep-
arately for the thumb and the index finger using miniature
load cells (Nanol7, Mini40; ATI Industrial Automation,
Inc.; Apex, NC; sampling frequency 500 Hz). The grip
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Table 1 Characteristics of the stroke subjects in this study

Stroke Age Months Paretic limb Threshold for two-point
subject since stroke discrimination (mm)
1 49 26 Left 9

2 51 51 Left 15

3 43 122 Left 5

4 62 157 Right 6

5 58 19 Left 2

6 60 31 Right 6

7 62 72 Left 4

8 39 23 Left 7

9 49 30 Left 4

10 46 45 Left 6

11 43 15 Right 6

Fig. 1 The fixed (a) and
unstable (b) conditions of the
instrumented object. Force data
in three dimensions were
measured for the thumb and the
index finger separately. The grip
size varied among small,
medium, and large for the fixed
object (a)

surfaces for the thumb and index finger were each 3.5 cm
wide and 3 cm high. They were covered with a sheet of
rubber to increase the coefficient of friction to 0.9 (Seo
and Armstrong 2009) and to minimize finger-object slip
during grip exertions.

Grip exertions were performed for five grip conditions,
simulated using different grip sizes, object stability, and
force level. Specifically, three grip sizes—small (0.8 cm),
medium (3.8 cm), and large (7.6 cm) distances between the
two grip surfaces—were tested (Fig. 1a). In addition to the
fixed condition in which the instrumented object position
was constrained, an unstable condition in which the object
was free to move (Fig. 1b) was tested for the medium-sized
object. For all of these trials, subjects were instructed to
grip maximally against the grip surfaces.

As maximum grip force levels may be significantly
different between the paretic and asymptomatic hands, a
5 N grip exertion condition was added to see if grip force
level would affect the dependent variables. The 5 N grip
was tested for the medium-sized fixed object. Visual
feedback of actual normal force averaged for the two fin-
gers was provided on a computer screen as a bar graph with
a mark at the desired level of 5 N. No visual feedback was
provided for maximum grip trials.

In sum, a total of five conditions were tested for each
limb type (paretic, non-paretic, control) and digit (index
finger, thumb): maximum grip for the fixed object of three

grip sizes, maximum grip for the unstable object of the
medium size, and 5 N grip for the fixed object of the
medium size. These five conditions were presented to
subjects in a random order. Subjects repeated grip in each
condition three times. For stroke subjects, one hand was
tested for all conditions, and then the other hand was tested
within the same single session. The order of testing for the
paretic and non-paretic hands was randomized such that
half performed the experiment first with the paretic hand
and half with the non-paretic hand.

Along with the 3D forces for the index finger and
thumb, digit posture was recorded using a camera-based
system (OptoTrak 3020, Northern Digital, Inc., Waterloo,
Ontario, Canada; sampling frequency 30 Hz). A total of 9
infrared markers were used, with three markers placed on
the thumb (thumb tip, interphalangeal (IP) joint, metacar-
pophalangeal (MCP) joint), three markers positioned on the
index finger (fingertip, distal and proximal IP joints), and
three markers attached to the object. Additionally, activity
of selected muscles was recorded using bipolar surface
electromyography (EMG) electrodes (Delsys, Inc., Boston,
MA). Electrodes targeted the flexor digitorum superficialis
(FDS), extensor digitorum communis (EDC), first dorsal
intersseous (FDI), and thumb thenar eminence (adductor
pollicis, abductor pollicis brevis, flexor pollicis brevis,
opponens pollicis muscles). The EMG signal was initially
low-pass filtered at 225 Hz prior to sampling at 500 Hz.
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Analysis

The solid angle (deviation of finger force direction from the
normal direction as illustrated in Fig. 2), digit orientation
angle, digit contact angle, and muscle activity were com-
puted using force, position, and EMG data recorded during
the experiment. The solid angle was computed as the arc-
cosine of the ratio of normal force to resultant force, where
resultant force is the Euclidean norm of a force vector in
3D (denoted as “resultant force of the digit” in Fig. 2).
Digit orientation angle and contact angle were measured
using the digit and object position data. The orientation
angle was defined as the angle between the grip surface and
the digit plane that is composed of three points (the tip, IP,
and MCP joints for the thumb; the tip, DIP, and PIP joints
for the index finger; see Fig. 2). For example, the orien-
tation angle for the index finger is normally close to 90° for
tip pinch and 0° during lateral pinch. The contact angle was
defined as the angle between the grip surface and the long
axis of the distal phalanx within the digit plane (see Fig. 2).
Thus, the contact angle was independent from the orien-
tation angle. The contact angle is 0° when the distal pha-
lanx is parallel to the grip surface. When the distal phalanx
is orthogonal to the grip surface, the contact angle is 90°.
The following equations were used to compute the orien-
tation angle and the contact angle:

Orientation angle = cos™' [(v; x v3) - n/(|vy x v2||n|)]

Contact angle = cos™' [v; - s/(|v1]]s])] (1)
where v, is the vector from the fingertip to the DIP/IP joint,
v, is the vector from the DIP/IP to PIP/MCP joint for the

Direction normal (or
perpendicular) to the grip surface s Resultant force of the digit
1
~ N \
|

~
~

'\ Orientation angle

/ Digit plane
o
ole,

~ L

Fig. 2 Illustration of the solid angle, digit plane, orientation angle,
and contact angle during grip
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index finger and thumb, respectively, and n is the vector
normal to the grip surface pointing from the thumb toward
the index fingertip for the right hand, and in the opposite
direction for the left hand, and s is the vector defined by the
intersection of the grip surface and the digit plane whose
direction is toward the hand.

After sampling, the EMG signal was rectified and low-
pass filtered at 10 Hz using MATLAB (The MathWorks,
Inc., Natick, MA) to create envelopes that clearly displayed
the aggregate muscle activity. The EMGs were expressed as
a percentage of maximum voluntary contraction (MVC).
The MVC values were recorded at the beginning of the
experiment while subjects performed maximum index finger
abduction and thumb flexion as well as flexion and extension
of all five fingers against resistance. The peak value of the
processed EMG for each muscle and each subject during the
MVC trials was used to normalize EMG data throughout
the experiment. Then, the four EMG values were further
normalized to the Euclidean magnitude (defined as the
square root of the sum of squares of the elements of the
vector) of the vector composed of the four EMG values for
each trial, to adjust for different grip force exertion levels
and facilitate comparison among the four muscle activities.

After the experiment, all data (solid angle, contact angle,
orientation angle, EMGs) were averaged over a period of
one-second in which normal force averaged for the thumb
and the index finger was the greatest for maximal grip trials
or closest to 5 N for 5 N grip trials. This one-second period
is referred to as the “hold” period in Fig. 3, which shows
solid angle and normal force profiles in a sample trial for a
control hand. In some trials during the experiment, the
finger slid over the grip surface during grip. Finger “slip”
was defined as having occurred when movement of the
digit tip with respect to the grip surface exceeded 1 cm. For
trials with finger slip, data were analyzed until the time that
the finger slid off the grip surface.

In addition to the solid angle, the azimuth angle was
computed as the angle between the projection of the resultant
force vector onto the grip surface and the projection of the
distal phalanx vector onto the grip surface. The azimuth
angle of 0° indicates that the projections of the resultant
force direction and the distal segment onto the grip surface
are aligned with each other. The azimuth angle of 90° indi-
cates that the projection of the resultant force direction onto
the grip surface points toward the ulnar direction.

Statistical analysis

As aprimary statistical analysis, repeated measures analysis of
variance (ANOVA) was performed for solid angle with the
between-subject factor of limb type (paretic, non-paretic,
control), within-subject factor of digit (thumb vs. index finger),
and blocking factor of five grip conditions. Second-order
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interactions with limb type were included. Once significance
was confirmed for the limb type and its interaction with digit,
three separate repeated ANOVAs were performed for solid
angle to evaluate each effect of grip size, object stability, and
force level. First ANOVA was performed for solid angle
with two within-subject factors of grip size (small, medium,
large) and digit and the between-subject factor of limb type,
using data for only the maximum grip and fixed object.
Second ANOVA was performed for solid angle with the
within-subject factors of object stability (fixed vs. unstable)
and digit and between-subject factor limb type, using data
for only the maximum grip and medium grip size.

Third ANOVA was performed for solid angle with the
within-subject factors of force level (maximum vs. 5 N
grip) and digit and between-subject factor limb type, using
data for only the medium grip size and fixed object. Sec-
ond-order interactions with limb type were included. The
P-value of 0.017 was considered significant for these three
ANOVAs after Bonferroni adjustment. Post hoc Tukey
tests were performed to evaluate differences among the
three limb types and three grip sizes. The same procedure
was repeated for orientation angle, contact angle, and
normal force. The same procedure using ANOVA without
limb type as a factor was performed for slip occurrence.

For EMG data, repeated measures ANOV A was performed
for the between-subject factor of limb type and two within-
subject factors of muscles (FDS, EDC, FDI, thenar eminence)
and five grip conditions. Second-order interactions were
included. Post hoc Tukey tests were performed to evaluate
differences among the three limb types and four muscles.

In addition, linear regressions were performed for each
digit to determine which of the following variables the
solid angle was associated with: contact angle, orientation
angle, four EMGs, and normal force. Lastly, the azimuth
angles were averaged for each limb type and digit, and the
standard deviation was computed using circular statistics
(Fisher 1993).

Results

In brief, the solid angle was more than twice greater for the
paretic hand than for asymptomatic hands (non-paretic and

control). With high solid angles, the paretic fingers slipped,
on average, 55% of all trials. Slip occurred only for the
paretic hands. The solid angle was significantly associated
with muscle activity, but not with the orientation angle and
the contact angle. Detailed statistical results are described
below.

Solid angle

The mean solid angle during the hold period (denoted in
Fig. 3) was 28° (SD = 14) for the paretic hand, 12°
(SD = 5) for the non-paretic, and 11° (SD = 6) for the
control hand (see Fig. 4a). Solid angle was significantly
affected by the limb type (P < .01). Tukey’s post hoc test
for limb shows that the solid angle for the paretic hand was
significantly greater than those for the non-paretic and
control hands (P < .01), whereas the solid angles for the
non-paretic and control hands were not significantly dif-
ferent from each other (P > .05).

The interaction between the limb type and digit was also
significant (P < .01). Figure 4b shows mean solid angles
for the thumb and index finger separately for the three limb
types. The solid angle for the paretic thumb was 18%
greater than that for the paretic index finger. Tukey’s post
hoc test for limb x digit shows that the solid angle was
greater for the thumb than for the index finger for the
paretic hand (P < .01), whereas solid angles for the two
digits were not significantly different from each other for
the non-paretic and control hands (P > .05). The solid
angle for the paretic index finger was still greater than that
for the non-paretic and control index fingers (P < .01).

Individual ANOVAs performed for the other conditions
showed that force level significantly impacted the solid
angle (P < .017). The mean solid angle decreased 25% for
maximum grip exertions when compared to those for the
5 N grip (Fig. 4c) when averaged for all limb types. The
effects of object stability, grip size, and second-order
interactions with limb type were not found significant.

Significant variables associated with solid angle

Linear regressions were performed for each digit as fol-
lows. For the index finger, linear regression was performed
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Fig. 4 a Mean + SE solid angle for three limb types (digits and the 5
grip conditions pooled; n = 11 for paretic and non-paretic, n = 5 for
control). Paretic fingers exhibited significantly greater solid angles
compared to the asymptomatic fingers during grip. The horizontal line
represents the critical angle below which finger slip would not occur
for conventional objects with the static coefficient of friction greater

with the solid angle as the response to 6 predictors: ori-
entation angle, contact angle, normal force, FDS, EDC, and
FDI EMGs (see Table 2). For the thumb, the solid angle
was the response to 5 predictors: orientation angle, contact
angle, normal force, and FDI and thenar eminence EMGs
(see Table 2). Variation inflation factors ranged from 1.1 to
1.3 for all predictors, indicating little multicollinearity. The
solid angle for the index finger was found to be signifi-
cantly associated with normal force and EDC and FDI
EMGs (P < .05). The solid angle for the thumb was found
to be significantly associated with normal force and FDI
EMG (P < .05). The solid angle was not found to be sig-
nificantly associated with the orientation angle and the
contact angle for both digits. Normal force and EMGs were
further examined as follows.

Normal force

Mean normal forces are shown in Fig. 5. Normal force
varied significantly with limb type and digit (P < .0l).
Mean maximal normal force for the paretic hand was only
a quarter of that for the asymptomatic hands (12 N vs.
46 N, see Fig. 5a). Tukey’s post hoc test for limb shows
that normal force for the paretic hand was significantly less
than that for the non-paretic and control hands (P < .01),
and normal forces for the non-paretic and control hands
were not significantly different from each other (P > .05).
Normal force was 8% greater for the thumb than for the
index finger, when averaged for all limb types and grip
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than 0.3 (critical angle = 17° = arctan0.3). Mean £ SE solid angles
are shown for the two fingers and limb types (b, all grip conditions
pooled), and for force levels (c). The paretic thumb had greater solid
angles than the paretic index finger (b). Solid angles decreased with
increasing grip force for all limb types (c)

Table 2 Regression analyses for solid angle for each digit

Predictor Coefficient SE  P-value R?
Index  Constant 48.0 6.40 <0.01 50.6%
Normal force —-04 0.06 <0.01
FDS EMG 52 7.04 0.46
EDC EMG —142 6.41 0.03
FDI EMG —235 548 <0.01
Orientation angle -0.0 0.04 0.90
Contact angle 0.1 0.04 0.20
Thumb Constant 38.1 6.01 <0.01 44.3%
Normal force —-0.4 0.06 <0.01
FDI EMG —174 6.25 <0.01
Thenar eminence EMG  —3.6 590 0.55
Orientation angle -0.0 0.04 0.85
Contact angle 0.0 0.04 0.65

Solid angles were significantly associated with normal force levels
and muscle activation patterns, but not with the digit orientation and
contact angles. (The EMG values expressed as the percentage of the
maximum voluntary contraction levels were normalized to the
Euclidean magnitude of the vector composed of the four muscles’
EMG values, to adjust for different force levels. SE standard error for
the coefficient)

conditions (Fig. 5b). The interaction between limb type
and digit was not significant (P > .05).

In addition, normal force was found to significantly vary
with grip size, object stability, force level, and the inter-
action between limb type and force level (P < .017).
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Fig. 5 a Mean £+ SE normal force for the three limb types (digit
pooled) during 5 N grip and maximum grip (grip size and stability
conditions pooled). b Mean + SE normal force for the digits (grip
conditions and limb types pooled)

Interactions between limb type and grip size and between
limb type and object stability were not found significant.
Mean normal force was 40 N for the large and medium
grip sizes, and decreased 19% as the grip size decreased to
small. Mean normal force decreased 18% (from 38 to
32 N) for the unstable object compared to the fixed object
(averaged for all limb types). Normal force recorded for the
5 N grip was not different among limb types, whereas
normal force during maximum grip was different among
the three limb types (Fig. 5a).

Muscle activity

Figure 6 shows EMG values for the four muscles (FDS,
EDC, FDI, and thenar muscles) and for the three limb
types. The EMG values were normalized to the Euclidean
magnitude of the vector composed of the four EMG values
to adjust for different grip force levels. The ANOVA shows
that EMGs were significantly affected by muscle and
limb x muscle (P < .01). Tukey’s post hoc test for
limb x muscle shows that EMGs were not different among
the four muscles for the paretic hand (P > .05), whereas
for the non-paretic and control hands, EMG values were
different by as much as 163%. Specifically, the EDC, FDI,
and thenar eminence EMGs were twice as large as FDS
EMG for the non-paretic and control hands (P < .01). The

EMG

Euclidean magnitude

FDS EMG was significantly greater for the paretic hand
than for the control and non-paretic hands (P < .01).

Orientation and contact angles

Mean orientation angles were 66° (SD = 25°), 81°
(SD = 23°), and 69° (SD = 20°) for the paretic, non-
paretic, and control hands, respectively. Limb type, digit,
and their interaction were found to be significant for ori-
entation angle (P < .01). Tukey’s post hoc test for the limb
type and digit shows that the orientation angle was, on
average, 30° greater for the thumb compared to the index
finger for the non-paretic and control hands (P < .05),
whereas for the paretic hand, the orientation angle did not
change with digit (P > .05). Orientation angle did not
significantly vary with grip size, object stability, or force
level (P > .05).

Mean contact angles were 16° (SD = 26°), 2°
(SD = 20°), and 11° (SD = 16°) for the paretic, non-
paretic, and control hands, respectively. Contact angle
varied significantly with limb type, digit, and object size
(P < .01), but not with object stability, force level, or
second-order interactions with limb type (limb x digit,
limb x size, limb x stability, limb x force). The contact
angle for the thumb was, on average, 22° larger than that
for the index finger. Contact angle increased, on average,
32° as the grip size decreased from large to small. The
contact angle for the non-paretic hand was, on average, 11°
less than that for the paretic and control hands (P < .05
from Tukey’s post hoc test for limb type).

Finger force direction in the shear force domain

Mean finger force vectors for each limb and finger are
projected onto the grip surface in Fig. 7. The length of the
arms represents shear force normalized to normal force
(hereafter, normalized shear force). As the solid angle was
the greatest for the paretic hand, the magnitude of nor-
malized shear force was also the greatest for the paretic

EDC FDI thenar EDC FDI thenar

FDS EDC FDI thenar

FDS
FDS

Paretic

Fig. 6 Mean £ SE EMG levels for the four channels (FDS flexor
digitorum superficialis, FDI first dorsal interosseous, EDC extensor
digitorum communis, thenar thenar eminence) and for the three limb
types (all 5 grip conditions pooled). The EMG values were expressed
as the percentage of the maximum voluntary contraction and then

Non-paretic Control

normalized to the Euclidean magnitude of the vector composed of the
four muscles’ EMG values. Paretic hands exhibited a lack of
discrimination among the four muscles, whereas for non-paretic and
control hands, the EDC and FDI activities were twice as large as the
FDS activity
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Fig. 7 Direction and magnitude of shear force normalized to normal
force plotted on the grip surface in the ulnar-radial direction (x-axis)
and in the distal-proximal direction (y-axis) at the thumb tip (a) and at
the index fingertip (b) as if all fingers are for the right hand. The error
bars in the radial direction show + 1 standard error (SE) of
normalized shear force magnitude. The error bars in the tangential
direction represent & 1 SE of the azimuth angle. When two lines are

hand, followed by the non-paretic hand and the age-mat-
ched control. The mean azimuth angle was —133° for the
paretic thumb (standard deviation (SD) = 55°), —134° for
the non-paretic thumb (SD = 57°), and —71° for the con-
trol thumb (SD = 47°), where —180° indicates the distal
direction and —90° indicates the radial direction. The mean
azimuth angle for the index finger was 124° for the paretic
(SD = 70°), 73° for the non-paretic (SD = 54°), and 133°
for the control hand (SD = 56°), where 180° indicates the
distal direction and 90° indicates the ulnar direction.

Discussion

Data in the present study demonstrate that the paretic fin-
gers’ grip force at the digits is significantly deviated in
direction as well as magnitude in comparison with
asymptomatic (non-paretic and control) hands. The devia-
tion was quantified using a solid angle (angle between the
grip force and the direction normal to the grip surface).
When the solid angle exceeds the arctangent of the static
coefficient of friction between the finger and the grip sur-
face, finger slip occurs. Thus, it is critical to keep the solid
angle below a threshold level to prevent finger slippage.
Decrease in solid angle, seen with increasing grip force
level for all limb types (Fig. 4c), may be indicative of
compensatory motor action to reduce the possibility of
finger slippage more when gripping at a higher force level
than at a lower force level. A similar strategy was seen in
safety margins where the magnitude of safety margin was
greater for higher force levels than for low force levels
during gripping with fingers in unimpaired hands
(Johansson and Westling 1984; Seo 2009). Alternatively,
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drawn from the circle center to the two ends of an error bar (as shown
with the segmented lines for the paretic thumb), the angle between the
two lines shows £1 SE of the azimuth angle. The circle represents a
safe area in which a finger would not slip while grasping a
conventional object with the coefficient of friction greater than 0.3
(Buchholz et al. 1988)

the skin coefficient of friction could be higher for 5 N grip
exertions than for maximal grip exertions (Bobjer et al.
1993; Sivamani et al. 2003; Seo et al. 2009), thereby
affording greater solid angles for 5 N grip exertions.

The solid angle for the paretic fingers was, on average,
2.5 times greater than that for the asymptomatic fingers
(28° vs. 11°, see Fig. 4a). This large solid angle for the
paretic fingers was consistently observed for all grip con-
ditions. This large solid angle for the paretic fingers can
result in finger slip and thus failure to stably grip an object.
Indeed, frequent (55% of all trials) finger slip was observed
for the paretic grip (when finger slip was determined by
fingertip movement greater than 1 cm during grip). The
coefficient of friction between the rubber surface of the
object and skin is 0.9 (Seo and Armstrong 2009), so
the contact surface could accommodate a solid angle up to
42° without finger-object slip. The coefficient of friction of
skin on the paretic hand has been shown to not be signi-
ficantly different from that for asymptomatic fingers
(Hermsdorfer et al. 2003). Thus, finger slip may be
attributed to altered grip force directions.

Conventional objects that we encounter in daily living
may have coefficients of friction as low as 0.3 with skin
(Buchholz et al. 1988). To grip these conventional objects
without slip, the solid angle needs to be less than the
critical angle of 17° (=arctan0.3, see Fig. 4a). This is
equivalent to the normalized shear force being less than
30%. This “safe” area in which a finger would not slip
while grasping a conventional object with the coefficient of
friction greater than 0.3 (Buchholz et al. 1988) is illustrated
as a circle in Fig. 7. It can be seen that paretic fingers may
fail to grip conventional objects stably due to a large solid
angle. For the non-paretic and control fingers, the solid
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angles are less than the critical angle (in Fig. 4a), and
normalized shear forces are within the safe area (in Fig. 7).

The solid angle was found to be significantly associated
with muscle activity, but not with the orientation angle and
the contact angle in the present study. Although the solid
angle was found to be not significantly associated with the
orientation and contact angles, it should be noted that in the
present study, the subjects’ wrist was maintained in a
neutral posture by the splint, and their forearm posture was
kept in a comfortable pronation/supination posture by a
custom-made fixture. Grip exertions often result in abnor-
mal forearm pronation and wrist flexion for the paretic limb
(Brunnstrom 1970). Thus, it is possible that use of the
splint and fixture in this study could have stabilized their
limb posture, thereby influencing the posture at which the
digit made contact with the object and the resultant force
directions at the tips of the digits. Grasping would
undoubtedly have been further degraded without this
support.

The solid angle was found to be significantly associated
with muscle activity. Muscle activation patterns are critical
for solid angles, because each muscle of the thumb and the
index finger can contribute to force generation in a par-
ticular direction (Valero-Cuevas 2000; Johanson et al.
2001; Milner and Dhaliwal 2002; Pearlman et al. 2004).
While muscle atrophy (Scelsi et al. 1984) and contracture
(O’Dwyer et al. 1996) could play a role in causing
impairment in finger force coordination, neural factors may
best account for finger impairment in persons with hemi-
paretic stroke (Kamper and Rymer 2000; Kamper et al.
2003). In addition, deficit in individuation of the fingers
(Lang and Schieber 2003) and abnormal neural coupling
between the thumb and fingers could affect the digit force
coordination. In the present study, the four EMG channels
were found not to differ among each other for the paretic
hand, whereas they were different by as much as 163%
among each other for asymptomatic hands. This suggests
abnormal co-contraction of hand muscles for the paretic
hand, as previously reported (Lang and Schieber 2004;
Cruz et al. 2005). Thus, the large solid angle for the paretic
fingers may be attributable to the lack of discrimination in
muscle activation patterns for the paretic hand.

For the asymptomatic index finger, the EDC and FDI
activities were, on average, 2.1 times greater than the FDS
activity (Fig. 6; P < .05). In contrast, the paretic hand’s
EDC and FDI activities were not different from the FDS
activity, suggesting that the EDC and FDI muscles are
relatively less activated or that the FDS muscle is over-
activated for the paretic hand compared to the asymp-
tomatic hands. This observation is consistent with the
previous studies that reported hyperexcitability of FDS,
hypoexcitability of EDC, and impaired abduction (Kamper
and Rymer 2001; Cruz et al. 2005).

The results from a cadaver study describing the rela-
tionship between index finger muscle tensions and force
vectors at the digit suggest that disproportionately large
FDS activity (Valero-Cuevas et al. 2000) or reduced acti-
vation of the EDC and FDI (Valero-Cuevas et al. 2000; Lee
et al. 2008) would result in large shear force in the index
finger pointing toward the ulnar and distal direction.
Indeed, normalized shear force plotted on the grip surface
(in Fig. 7b) shows that the paretic index finger force was
outside the safe area because it was pointing toward the
ulnar and distal direction more so than for the asymptom-
atic index fingers. Thus, hyperactive FDS muscle or
weakened EDC and FDI muscles may contribute to the
large solid angle for the paretic index finger. In this case, it
is computed, based on the index finger biomechanical
model (Valero-Cuevas et al. 2000), that increasing the
activity of EDC 140% and FDI 88% may be able to bring
the resultant index finger force vector within the safe area.

The paretic thumb’s solid angle was 18% greater than
that for the paretic index finger (Fig. 4b). The greater solid
angle for the paretic thumb compared to the paretic index
finger may be related to greater existence of corticospinal
projections to the thumb muscles than to the index finger
muscles (Penfield and Boldrey 1937; Penfield and
Rasmussen 1950; Woolsey et al. 1952, 1979). Stroke-
induced disruption to the corticospinal fibers may prefer-
entially lead to loss of projections to the thumb muscles
when compared to the index finger muscles. This could
lead to greater impairment in fine motor control for the
thumb and may explain greater solid angle for the paretic
thumb than for the paretic index finger (Fig. 4b). Based on
the cadaver study describing the relationship between
thumb muscle tensions and force vectors at the thumb tip
(Pearlman et al. 2004), weakness of EPL could contribute
to the paretic thumb’s normalized shear force outside the
safe area toward the radial and distal directions shown in
Fig. 7a. Relative weakness among thumb muscles follow-
ing stroke, however, has not been empirically demon-
strated. In the present study, only the thenar eminence
EMG was recorded for the thumb, thus we lack information
for the paretic thumb muscle activation pattern. Further
investigation using direct measurement of the activity for
each thumb muscle may elucidate whether there is abnor-
mal muscle activation pattern for the thumb and whether
disproportional weakness among thumb muscles could be
related to the large solid angle observed in this study.

Reduced sensation could also contribute to the large
solid angle seen in the paretic hand. Tactile feedback is
utilized in digit force coordination (Johansson and
Westling 1984; Westling and Johansson 1984; Gordon
et al. 1991; Monzee et al. 2003). Reduced ability to detect
micro-slippage of the skin and changes in shear strain of
the skin could have hindered adjustment of force
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direction, leading to large solid angels for the paretic
hand. Reduced proprioception could also hinder adjust-
ment of force direction in response to finger slippage.
Indeed, reduced sensation was observed for seven stroke
subjects in this study. Conversely, four stroke subjects did
not exhibit reduced tactile sensation on their paretic digits
and yet produced large solid angles with their paretic
digits, implying that not only sensory deficit but also
motor deficit plays a role in the altered digit force
direction following stroke.

Techniques to promote activation of these under-
innervated muscles, such as neuromuscular electrical
stimulation, may represent new rehabilitation strategies to
redirect the digit force vectors close to the normal
direction or within the safe area. Repeated use of neuro-
muscular electrical stimulation has been shown to
increase strength of specific muscles (Chae et al. 1998).
Thus, repeated neuromuscular electrical stimulation of
under-activated hand muscles could be incorporated into a
therapy to correct the digit force direction, possibly under
the guidance of biofeedback. Alternatively, reduced acti-
vation of over-activated muscles such as FDS for the
index finger could lead to decreased solid angle. This,
however, may result in decreased force generation
capacity. Facilitation of tactile or proprioceptive percep-
tion by additional sensory input (Aruin 2005) or tendon
vibration (Cordo et al. 1993) may also help better direct
digit forces. Visual feedback of force direction to stroke
survivors may also help to improve performance, and
such a study is currently underway in our laboratory.
With improved grip force direction (i.e., reduced solid
angle), occurrence of slip can be reduced for the paretic
fingers, which then can contribute to improved grip sta-
bility and even increased grip strength. As a result, stroke
survivors’ hand function may improve.

Conclusion

This study demonstrated that persons with chronic stroke
with severe hand impairments generated pinch force sig-
nificantly deviated from the direction normal to the grip
surface with the paretic fingers, compared to asymptomatic
fingers. This was seen consistently regardless of grip size,
grip force level, and object stability. The paretic thumb had
an even greater deviation of grip force direction than the
paretic index finger. This altered grip force direction was
associated with altered muscle activation patterns, but not
with the posture at which the digit made contact with the
object. Therapies to redirect the force direction at the digits
may improve stroke survivors’ ability to stably grip an
object.
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