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Abstract

Many stroke survivors suffer from impaired hand function. Biomechanics of hand grip suggests
that abnormally directed grip force can hamper gripping abilities and hand function. This study
examined the relation between the ability to precisely direct fingertip force and clinical hand
function scores among individuals affected by stroke. Specifically, clinical hand function tests of
the Fugl-Meyer, Chedoke McMaster, and Box and Block Test were used, since they involve
various hand movements required for activities of daily living. Digit force direction during static
grip was recorded using multiaxial load cells. Data for 59 chronic stroke survivors were analyzed.
We found that larger angular deviation of digit force from the normal direction was significantly
associated with lower hand functional levels (p<.001 for all three clinical tests). Particularly,
stroke survivors whose digit force deviated more than 21° from the normal direction could not
achieve the normal level of Fugl-Meyer or Chedoke or move more than 4 blocks in a minute. The
biomechanics of the way digit force direction affects hand grip function is described. In addition,
underlying mechanisms for altered digit force direction post stroke are postulated, including
impaired somatosensation and abnormal neural input to muscles. In summary, this study identifies
a new biomechanical marker for hand functional level and recovery. Future interventions may
focus on correcting digit force direction to improve hand functional outcome.
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1. Introduction

Many of 7 million stroke survivors in the U.S. (Roger et al., 2012) have impaired hand
function (Trombly, 1989; Gray et al., 1990; Nakayama et al., 1994; Kamper et al., 2003).
Stroke survivors’ attempt at grasping an object often leads to the object slipping out of the
hand. Not only reduced strength (Boissy et al., 1999) but also impaired grip coordination can
affect grip function in daily living for people after stroke (Nowak and Hermsdorfer, 2005;
Blennerhassett et al., 2006). One of the aspects of impaired grip coordination is altered force
direction (Cole, 2006).

Altered digit force direction may hamper gripping abilities via biomechanics of hand grip.
To grip an object without slippage, digit force must be directed to the object within an
allowed angle range defined by the cone of friction (Fig. 1) (Fikes et al., 1994; MacKenzie
and Iberall, 1994). For instance, to grip a rubber-finished object, digit force cannot deviate
more than 42° (Seo et al., 2010). When the digit force direction lies outside the cone of
friction, shear force becomes greater than maximum allowable friction force and the finger
would slip against the object thereby resulting in loss of grip. If digit force is directed near
the cone of friction, small perturbation to the finger or grasped object may lead to changes in
digit force direction and loss of grip.

Chronic stroke survivors with severe hand impairment were shown to apply grip force far
off from the direction normal to the grip surface, compared to age-matched adults without
stroke, as illustrated in Fig. 1 (Seo et al., 2010). This large digit force angular deviation was
associated with frequent slip between the finger and grip surface, observed for 55% of trials
(Seo et al., 2010), which can result in grip loss and object dropping. Given the
biomechanical basis by which digit force direction affects grip abilities, the extent of digit
force angular deviation may be closely related to the ability to perform activities of daily
living using the hand.

However, the direct quantitative relationship between the extent of digit force angular
deviation and clinical functional ability is currently unknown. The previous study involved
stroke survivors with severe hand impairment only. A larger dataset involving stroke
survivors with a wide range of hand functional levels is needed to determine the relationship
between digit force direction and clinical hand function. Understanding this relationship
would provide an insight for the way hand function is impacted by altered digit force
direction post stroke, and enable development of assistive devices or therapeutic
interventions that improve digit force direction and thus improve hand function for these
individuals. Therefore, this study examined if the extent that digit force direction deviates
from the normal direction relates to clinical hand function scores whose primary tasks
involve dexterous and gross upper limb movements required by activities of daily living.
The clinical hand function tests included: the Fugl-Meyer Assessment for the hand and wrist
(Fugl-Meyer et al., 1975), Chedoke McMaster hand scale (Gowland et al., 1995), and Box
and Block Test (Mathiowetz et al., 1985).
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2. Method

2.1. Subjects

Fifty nine chronic stroke survivors’ data were analyzed. The mean age was 58 and standard
deviation was 12 years. Time since stroke ranged 1-21 years. They were 36 males and 23
females. Seventeen subjects’ data were from previous studies (Seo et al., 2010, 2011a). Only
data without any intervention was used from Seo et al. (2011a). The other 42 subjects’ data
were newly obtained. The hand impairment level of the 59 subjects ranged from mild to
severe, as seen by the Stages 1-7 of the Chedoke McMaster hand scale determined by a
therapist: Chedoke Stage 1 implies flaccidity, while people who can perform active
movements with and without facilitation belong to Stage 2 and 3, respectively; Simple and
complex synergy movements are possible at Stage 4 and 5, respectively; Stage 6 implies
limitation in more complex or faster movements than needed in daily activities, while Stage
7 represents no evidence of functional impairment (Miller et al., 2008). All subjects signed
written consent approved by IRB.

2.2. Procedure

This study quantified digit force angular deviation from the normal direction during static
grip for each subject (Fig. 2). Subjects rested their forearm on a table and placed the thumb
and index finger on two fixed flat rubber surfaces. For subjects with severe impairment, the
experimenter assisted with placing their fingers on the grip surfaces. Subjects were
instructed to grip against the fixed surfaces for 5 s at the maximum effort, 5 N, and 2 N, at
least three times each. The surfaces were instrumented with 6-axis load cells (ATI Industrial
Automation, Apex, NC) to record normal and shear forces from each finger. For
submaximal grips, visual feedback for normal force was provided to help subjects match
their grip force to the target. The digit force deviation angle was computed as the arctangent
of the ratio of total shear force to normal force over a one-second period in which the
average normal force was the greatest for maximal grips or closest to the target for the 5 N
or 2 N grips (Seo et al., 2010). As the deviation angle variation by digits or force levels
within a person is slight compared to between-subject variance (Seo et al., 2010), an average
deviation angle across both digits and force levels was used to characterize digit force
direction for each subject for the correlation analysis.

In addition, clinical functional scores including the Fugl-Meyer for the hand and wrist (out
of 24), Chedoke McMaster hand scale (out of 7), and Box and Block Test (number of blocks
moved in 60 s) were recorded. Since this study involves retrospective data analysis, missing
data exist. The Chedoke McMaster score was obtained for 59 subjects, whereas the Fugl-
Meyer score was obtained for 46 subjects and the Box and Block Test score for 37 subjects.
All data were for the affected hand.

2.3. Analysis

Pearson correlation was used to examine correlations between the deviation angle and the
Fugl-Meyer upper extremity score, the deviation angle and the Chedoke McMaster hand
score, and the deviation angle and the Box and Block Test. Three correlation analyses were
used, since the functional scores were correlated with each other and thus cannot be
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combined in a single regression. Time since stroke, age, and gender did not influence the
results of the regression analysis probably because all subjects were in the chronic stage (>9
months post stroke) and the age/gender effects, if there are any, are not as prominent as the
effect of post-stroke impairment levels. Thus, the results without controlling for age, gender,
and time since stroke are presented.

The extent to which digit force direction deviated from the normal direction was negatively
correlated with the Fugl-Meyer upper extremity score, Chedoke McMaster hand score, and
Box and Block Test score as shown in Fig. 3A-C, respectively (p<.001, R2~0.6 for all).
Greater digit force deviation was associated with worse hand function seen by a lower Fugl-
Meyer score, lower Chedoke score, and lower Box and Block Test score.

The majority of stroke survivors whose digit force direction was comparable to the age-
matched stroke-free control data (11° +5°) obtained in the previous study (Seo et al., 2010)
had the maximum possible scores for the Fugl-Meyer and Chedoke (24 and 7, respectively,
Fig. 3A and B). Unlike Fugl-Meyer and Chedoke, the Box and Block Test did not have a
ceiling effect. Stroke survivors with smaller digit force deviation scored higher on the Box
and Block Test (Fig. 3C). Instead, the Box and Block Test had a floor effect in which stroke
survivors whose digit force direction was off the normal direction by more than 21° could
not move more than 4 blocks in a minute. None of the stroke survivors with digit force
deviation greater than 21° were able to achieve the maximum Fugl-Meyer or Chedoke score.

4. Discussion

This study demonstrates that larger digit force angular deviation from the normal direction
during grip is associated with worse hand function. Specifically, for stroke survivors whose
digit force direction was off the normal direction by more than 21°, none of them achieved
normal Fugl-Meyer or Chedoke scores or moved more than four blocks in a minute (Fig. 3).
On the contrary, for stroke survivors with digit force angular deviation less than 16°,
comparable to age-matched control (Seo et al., 2010), the majority of them had normal Fugl-
Meyer and Chedoke scores, and they moved, on average, 44 blocks in a minute. While
substantially better than those with large digit force angular deviation, 44 blocks a minute is
less than two thirds of the normative score for age-matched control (Mathiowetz et al.,
1985), possibly due to reduced strength and slowness in movement.

The result of this study extends the previous finding by showing that altered digit force
direction is not only present for chronic stroke survivors (Seo et al., 2010), but also directly
related to the severity of their hand impairment level. This result suggests that hand
functional impairment after stroke is attributable not only to reduced grip strength (Boissy et
al., 1999) and other grip coordination issues (Nowak et al., 2003; Nowak and Hermsdorfer,
2005; Blennerhassett et al., 2006), but also to altered digit force direction (Fig. 4).
Specifically, large angular deviation of digit force from the normal direction post stroke may
hamper grip abilities and negatively impact hand functional scores involving various grips
required by activities of daily living, as detailed below.
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While correlation does not prove a causal relationship, it is plausible that altered digit force
direction hampers gripping abilities due to the unique biomechanics of hand grip. To
successfully grasp an object, the digits must apply properly scaled and directed grip forces to
the object (Johansson and Westling, 1984; Gordon et al., 1991). Digit force directed outside
the cone of friction leads to slippage against the object to be grasped (Fikes et al., 1994;
MacKenzie and Iberall, 1994). To minimize the likelihood of finger-object slippage from
perturbation or inherent noise in the sensorimotor system, healthy young adults typically
grip in the near-normal direction (Seo et al., 2011b). Despite this straight-forward
biomechanics of the way digit force direction affects grip, the relationship between digit
force direction and grip function has not been substantially studied. To our best knowledge,
the present study represents the first to demonstrate significant correlations between digit
force direction and clinical hand functional scores.

Two main underlying reasons for large angular deviation of digit force from the normal
direction post stroke may be impaired somatosensation and altered neural input to muscles
(Fig. 4). First, post-stroke impairment in somatosensory perception is common (Carey,

1995; Tyson et al., 2008). Somatosensory feedback is critical in digit force control
(Johansson and Westling, 1984; Gordon et al., 1991). Reduced somatosensation with digital
anesthesia or with nerve compression leads to inappropriate grip force coordination,
frequent object dropping, and clumsiness (Westling and Johansson, 1984; Augurelle et al.,
2003; Monzee et al., 2003; Keith et al., 2009). Similarly, damage to somatosensory afferents
in the brain or impaired cortical somatosensory processing post stroke may fail to adequately
inform the central nervous system of skin deformation, strain, kinesthesia, and
proprioception, thereby hindering feedback control to adjust digit force and resulting in large
digit force angular deviation from the normal direction.

Second, altered neural input is well documented to lead to abnormal muscle activation
patterns including spasticity (Mottram et al., 2009) and abnormal muscle synergies
(Brunnstrom, 1970; Dewald et al., 1995). Post-stroke abnormal muscle activation pattern for
the hand muscles is characterized by hypoactive intrinsic and extensor muscles and
hyperactive extrinsic flexor muscles (Kamper et al., 2003; Lang and Schieber, 2004; Cruz et
al., 2005; Seo et al., 2010), likely due to distal muscles’ greater reliance on corticospinal
drive (Palmer and Ashby, 1992; Turton and Lemon, 1999) and vulnerability to stroke (Cruz
et al., 2005). This is problematic since every single muscle’s action is important when it
comes to precise directional control of the digit force (Kutch and Valero-Cuevas, 2011). In
particular, intrinsic muscles play a critical role in directional control of the digit force, with
the first palmar and dorsal interosseous muscles reducing the possible force production in
specific directions by 80-90% on average (Kutch and Valero-Cuevas, 2011). As such,
altered muscle activation pattern with underactivated intrinsic muscles impairs the delicate
directional control of digit force, leading to large deviation from the normal direction
(Valero-Cuevas et al., 2000; Milner and Dhaliwal, 2002; Cole, 2006). The critical role of
each muscle’s action in directional control of digit force also suggests that if individual
muscle weakness persists, sensory intervention alone cannot sufficiently correct the altered
digit force direction.
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Other factors were considered but not thought as primary reasons for large digit force
deviation post stroke. For instance, muscle atrophy as much as 15% reduction in cross-
sectional areas exists in chronic stroke survivors, but the extent of reduction in the muscle
size was found to be uniform across all hand muscles (Triandafilou and Kamper, 2012).
Muscle atrophy but no difference in the relative atrophy across the hand muscles results in a
scaling-down of digit force, but no changes in the direction (Valero-Cuevas et al., 2000).
Additionally, altered orientation of the finger relative to an object was found not to be
related to digit force angular deviation (Seo et al., 2010). Similarly, the possibility that large
digit force angular deviation may be to compensate for misalignment of the two digits to
minimize unwanted moment applied to a virtual object (Parikh and Cole, 2012) was
considered. However, stroke survivors with severe impairment appear to have large digit
force deviation not necessarily in the direction toward the opposite digit to minimize
moment (analysis not reported here). Lastly, change in skin friction, possibly due to
abnormal perspiration in case stroke affects autonomic nervous system function, could result
in a different size of the cone of friction (Naylor, 1955; Smith et al., 1997) and allow large
angular deviation of digit force from the normal direction for stroke survivors. However, no
evidence exists to suggest post-stroke changes in skin friction (Hermsdorfer et al., 2003).

The significance of this study is that a new biomechanical marker was identified to be
correlated with clinical hand function, with an insight for the way hand function is impacted
by altered digit force direction post stroke. This knowledge encourages development of
assistive devices or targeted therapies to improve digit force direction and thus hand
function. For instance, to compensate for impaired somatosensation post stroke, sensory
enhancement techniques (Conforto et al., 2007; Enders et al., 2013; Kurita et al., 2013) or
visual feedback (Ellis et al., 2005; Seo et al., 2011a) may be used to improve hand function.
Correcting digit force direction or muscle activation pattern using neuromuscular electrical
stimulation and muscle strengthening (Santos et al., 2006; Dean et al., 2007) may directly
help improve hand grip function. Alternatively, daily objects may be modified with high-
friction surfaces (Seo and Enders, 2012; Slota et al., 2014) or adaptive shapes to
accommodate stroke survivors’ altered digit force direction and reduce finger-object slips,
thereby improving hand function.
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Fig. 1.
Our previous study showed that chronic stroke survivors with severe hand impairment

gripped with their paretic digit force directed further away from the normal/perpendicular
direction compared to age-matched persons without stroke (control) (Seo et al., 2010). The
mean angular deviation of digit force is illustrated as the width of the cone for each of the
paretic and control hands. The paretic cone is shorter than the control cone, since the paretic
hand is substantially weaker than the control hand, and thus produces less grip force. In
addition to the mean values, £1 standard error is shown as the shade around each cone.
When the digit force deviation angle reaches the slip threshold (42° for rubber finish), the
finger slips against the object surface (Fikes et al., 1994; MacKenzie and Iberall, 1994). The
paretic digit force deviation angle is closer to the slip threshold compared to control,
indicating greater likelihood of finger-object slippage, grip loss, and object drop.
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Fig. 2.
The angle by which the digit force vector is deviated from the normal direction was
computed as the arctangent of the ratio of total shear force to normal force.
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Fig. 3.
A significant relationship was observed (A) between the digit force angular deviation and

the Fugl-Meyer upper extremity score (out of 24), (B) between the digit force angular
deviation and the Chedoke McMaster hand score (out of 7), and (C) between the digit force
angular deviation and the Box and Block Test (p<0.001 and R2~0.6 for all). As a
benchmark, the mean+1 standard error digit force angular deviation for age-matched control
subjects (11° +5°) obtained in the previous study (Seo et al., 2010) is shown with a vertical
dash line and shades around that dash line. For the Box and Block Test, the mean+1
standard error normative score (74+2) for 55-59 years old healthy adults from a previous
study (Mathiowetz et al., 1985) is noted with a horizontal dash line and shades around that
dash line (C). In addition, the vertical dash dot line at 21° represents the digit force deviation
above which no more than four blocks could be moved (C).
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Potential contributors for large digit force deviation and limited hand function post stroke.
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