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Abstract—The aim of this study was to quantify stabi lity of 
nondominant handwriting kinematics and l egibility in parti ci-
pants wi th funct ional loss o f th e previou sly d ominant hand . 
Twelve adult  volunteers provid ed two hand writing sam ples 
6 weeks apart. Handwriting tasks (Compose a Sentence, Copy 
Alphabet, Copy Date, Copy Sentence, and Draw Circles) were 
performed in  cursiv e writin g on  standard wh ite, li ned p aper 
taped to a digitizer to record kinematic and kinetic variables of 
velocity, displacement, force,  and on-paper time. Results 
showed mi nimal performan ce variability wit hin subjects and 
marked variability between subjects, as well as varia bility 
between tasks fo r all partici pants. S tylistic st ability of the 
handwriting samples was assessed by two independent evalua-
tors. These evaluators matched all handwriting samples at test 
to retest times with 89%–100%  accuracy, suggesting value in 
the “whole” handwriting sample and emphasizing the idiosyn-
cratic nature of handwriting. Results suggest that han dwriting 
skill stability in the previously nondominant hand varies across 
subjects and task demands.
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INTRODUCTION

Most activities of daily living (ADL) are accom -
plished bimanually with the dominant hand as main execu-
tor and the nondominant hand as sup porter [1]. When 

normal bilateral hand function is disrupted [2], patients 
must complete two-handed  tasks with one hand. A func-
tional state of “single-han dedness” may  be temporary, 
such as is common in recovery from tendon laceration and 
repair, fracture and fixation, or neuropraxia and splinting; 
however, when prognosis for fun ctional return is poor, a 
permanent state of single-handedness ensues. This on e-
handed situation is more dif ficult with dominant-hand 
impairment because complex fine-motor coordination and 
skills must be transferred to the nondominant hand [3].

A forced shift of dominance is termed injury-induced 
hand-dominance transfer (I-IHDT). It conceptually 
defines the imposed transfer of lateralized skill profi -
ciency to the pr eviously nondominant han d. Besid es 
amputation of a do minant up per limb , o ther diagn oses 
potentially result in single-handedness and I-IHDT, such 
as brachial plexus avulsion, chronic unilateral lympho -
dema, hemiparesis following stroke, focal hand dystonia, 
limb salvage following mutila ting hand injury (crush, 

Abbreviations: ADL = activity of daily living, CI = confi dence 
interval, ICC = i ntraclass coef ficient corr elation, I-IHDT = 
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avulsion, b urns), an d complex regional pa in s yndrome 
following minor trauma or surgery [4].

Hand dominance is closely associated with, and often 
defined by, the fu nctional neuromotor task of h andwrit-
ing [5]. Handwriting, as a fo rm of functional dexterity , 
captures the hand’s inte rface with a commonly encoun -
tered tool. Handwriting also cap tures the hand’s intricate 
link to t he brain  for p lanning and executi ng purposeful 
movements, in this  case, w ritten expre ssion [6–7]. 
Because handwriting is purported to be the highest form 
of unilateral hand dexterity skill attained by the general 
population [8], it is an important component of I-IHDT.

Handwriting is a distinct  neuromotor skill of interest 
to occupational therapy practitioners. The Handwriti ng 
Assessment Battery for a dults evaluates pen control and 
manipulation, writing speed, and writing legibility [9]. 
Writing is one of seven functional tasks on the Jebsen-
Taylor Test of Hand Function (JTHF) [10]. Handwriting 
is included in many self-re port questionnaires on hand 
function; for example, handwriting is a specific item 
listed on the Disabilities of the Arm, Shoulder, and Hand 
questionnaire [11]; signing one’s name is included i n the 
physical do main portion o f the Burn Specific Health 
Scale [12 ]; and the Upper Limb Fu nctional Index 
includes the item “I have difficulty writing or using a key 
board and/or mouse” [13].

Beyond self-rated scales, there is a need fo r better 
quantification of fine-motor control needed for handwrit-
ing [14]. The field of graphonomics provides technology 
for quantifying handwriting (graphomotor) performance. 
This type of digital analysis was used to capture disturbed 
motor control in patients with chronic undiagnosed wrist 
pain [15]. Leveraging dig ital technologies an d using 
graphonomics as the portal to  evaluate dexterity  perfor -
mance has cl inical implications for the evaluation of the 
process and outcome of I-IHDT.

Literature Review
Many diagnoses may lead to I-IHDT; however, a lim-

ited body of literature exist s. Chan and LaStayo, in their 
description of the management of mutilating hand inju -
ries, recommend early instruction in ADL, specifica lly if 
a dominant hand is injured [16]. Research on neuroplas-
ticity, motor learning, and in termanual transfer informs 
clinical practice; however, these studies are generally 
limited by their use of simple, nonfunctional motor tasks 
and/or recruitment of only nondisabled participants. One 
study ev aluated 1 0 yo ung, no ndisabled adults who 

learned to write one character of a foreign a lphabet with 
both hands [17]. The investigators concluded that occu -
pational therapy practitioners should select tasks that are 
meaningful and previously known to the person to  best 
facilitate the transfer. Another study on cross-dominance 
training requ ired 2 1 nondisabled adults to repeatedly 
copy the  sa me sentence daily for 28 c onsecutive days 
[18]. Results demonstrated that part icipants, 20 to 
56 years old , gain ed profi ciency in no ndominant h and-
writing with no decrement from increasing age. The 
investigators did not test for generalizat ion of handwrit -
ing skill by assessing performance on novel handwriting 
tasks.

A coh ort-controlled neuroimagin g study examined 
16 adults who self-reported  bei ng “in nately left-handed” 
but forced at the onset of school to convert to right-
handedness. The study showed two cortical areas that cor -
related with handedness, and one area was more invariant 
than th e o ther, regardless of sensorimo tor trainin g [19]. 
The researchers concluded that  despite learning to write 
with the right hand, these 16 research subjects maintained 
a right-hemisphere d ominance in the inferior parietal cor -
tex and t he rostrola teral premotor cortex. An additional 
neuroimaging study in human s found small, distin ct writ-
ing centers in the b rain, but they were specific and highly 
individualized for each of 14 subjects [20].

Taken together, these behavioral and imaging studies 
demonstrate training effects, perhaps despite central ner -
vous system fixatio n of hemisp here dominance, thereby 
suggesting that neuromotor plasticity in relation to hand-
writing is more of a peripheral phenomenon.

Purpose
The primary aim of this investigation  was to assess 

graphomotor performance con sistency of adu lts who had 
lost hand function through amputation or permanent multi-
tissue damage to the do minant upper limb more than 
2 years ago. The assumption was made that by 2 years 
postinjury, participants wo uld have achieved a general 
level of single-han d functi on an d subsequent dominan ce 
transfer.

METHODS

Participants were primar ily recruited via letters 
mailed through local hand-therapy and prosthetic centers. 
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A sec ondary recruitment strategy was  announcements 
about the study through a local amputee support group.

A on e-group test-retest design was used in whi ch 
participants provided two handwriting samples 6 weeks 
apart. No intervention was provided in this study . Six 
weeks was  chose n a s the time  inte rval betwe en ass ess-
ments to accommodate fu ture data comparison from 
planned clinical trials in volving a 6-week handwr iting-
skill transfer intervention.

Twelve adu lts volun teered and prov ided written 
informed consent. Three pa rticipants were excluded from 
analysis: an 84-year-old with notable tremor during writing 
tasks, a female with bilateral upper-limb amputations who 
wrote with a prosthesis, and a male who had undergone ray 
resection of the two most ulnar digits of his no ndominant 
hand. Data from nine participants (3 males, 6 females; aged 
27–70 years, mean: 53.6 years) were analyzed. No partici-
pant withdrew from the study. All participants lost function 
of the right, dominant hand with an average time since loss 
of function of 15  years (range : 3–46 years). Eight pa rtici-
pants were amputees, and one participant had an attached 
but deformed and nonfunctional upper limb. See Figure 1
for select examples of participants.

Mechanism of inj ury was trauma for seven part ici-
pants, multi-organ system failure for one participant, and 
localized blood clots with s ubsequent tissue necrosis and 
amputation in one participant. Six parti cipants were 
retired, and three wor ked full-time. Eight participants 
reported daily engagement in  handwriting tasks (average 
of 24  minu tes a d ay). P articipants who wore glasses for 
reading used them during the experiment. To increase 
study recruitment and enrollment, the investigators accom-
modated participants who did not drive by meeting them at 
a convenient location. Partic ipants performed a ll grapho-
motor activities from a seated position. They were free to 
angle the writing app aratus according to preference; how-
ever, regardless of stylistic preference, they were asked to 
complete the handwri ting activities in cursive, not manu-
script, form. The decision to have participants write in cur-
sive w as made to ac commodate future da ta co mparison 
from planned clinical trials using the available handwriting 
intervention that instructs in cursive.

After three practice trials for familiarization, each par-
ticipant completed the follow ing six hand writing tasks: 
(1) Compose a Sentence, (2) Copy Alphabet, (3) Copy 
Date, (4) Copy  Sentence 1, (5) Co py Sentence 2, and 
(6) Draw Ci rcles. The Co py Alphabet and Draw Circles 
tasks were the same at test and retest sessions; however, 

Compose a  Sentence , Copy Sentence 1, and Copy Sen -
tence 2 were purp osefully varied between sessions to  
diminish effects from memory and learning of experimen-
tal tasks. Each writing task was presented visually on a  
2-inch card mounted on blue  cards tock paper placed in 
front of the participant. The card contained the instructions 
(which were also read to the participant) and an example 
of the completed writing activity in cursive.

Graphomotor output during each of th e six tasks was 
collected with use of a 3.5 × 7.0-inch piece of white lined 
paper taped to  a digitizer tablet (Wacom Intuos 3, model 
PTZ-630, W acom Company; V ancouver, W ashington) 
controlled b y a  Leno vo ThinkPad notebook c omputer 
(Lenovo; Morrisville, No rth Carolina). MovAlyzR ® soft -
ware by NeuroScriptTM (Tempe, Arizona) was used to set 
up, run th e experiment, and capture the pen-tip kinematic 
data (left to righ t an d to p to bo ttom; p aper po sition, i.e., 
x and y directions) and kinetic data (pen tip on paper force) 
at a sampling rate o f 200  Hz. Th e Intuo s 3 Ink ing Pen  
(Wacom Company) was used as the wireless writing 
instrument. This apparatus offered a pen-on-paper feel with 
the benefits of direct digital recording of the pen-tip posi-
tion and force. Customized  code written  with MATLAB®

software (MathWorks; Natick, Massachusetts) was used to 
calculate fu rther kinematic variables and calibrate the 
kinetic par ameters of each h andwriting act ivity. Th e fo l-
lowing parameters were collected: force (grams), average 

Figure 1.
Examples of participants: (a) female wit h mutilated hand injury , 
(b) male with high tr ansradial amputation, (c) male with transhumeral 
amputation, and (d) female with elbow disarticulation.
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displacement in the x and y directions (centimeters), aver-
age velocity of the pen tip in the x and y directions (centi -
meters per seco nd), an d on -paper time (seconds). Thes e 
variables were selected because of their commonplace use 
in graphonomics research.

In addition to  kinematic and kinetic variables, stylis -
tic stabilit y of handwriting samples served as another 
metric of performance consis tency. After data were col -
lected, handwriting samples were trimmed to remove par-
ticipants’ identification codes and mounted to card stock. 
The identification codes were rewritten on the back of the 
card stock. The principal investigator met separately with 
two objective evaluators wh o were uninvolved in the 
research study. One evaluator was a high-school adminis-
trator and one was a h omemaker who previously worked 
as a b ehavioral he alth profes sional. Ne ither w as exp eri-
enced in hand writing assessment nor knowledgeable 
about the study objectives.

The investigator sequentially presented writing sam -
ples for all participants from six writing tasks by making 
two columns of the writing samples in random order. One 
column conta ined tes t samples for all parti cipants, and 
the second column contained retest samples. The evalua-
tors were instructed to visually inspect and correctly pair 
the handwriting samples thoug ht to be written by the 
same participant (one from the test column and one from 
the retest column). After each evaluator made nine pa irs, 
their results were calculated and recorded as the number 
of correct responses out of nine.

Kinematic and kinetic data in MA TLAB were 
trimmed to 90 percent to cater for extreme pen move -
ments (e.g., dotting an i). In SPSS (version 16, SPSS, Inc; 
Chicago, Illi nois), data were  then tested for normality 
(Shapiro-Wilks > 0.05) and outliers were removed. The 
test and retes t data were evaluated for analysis by us ing 
the intraclass correlation coefficient (ICC).

To score and equate each  participant’s handwriting 
fluency to  a grade-sch ool level, the total  task time for 
writing Copy S entence 1 (“Don’ t question my mother, 
Zada K. Big ley, who is e xceptionally v irtuous, fashion-
able, and joyful.”) was converted to a written-letters-per-
minute score. This sentence was rated at an adult leve l 
(13.4 grade level) acc ording to the Flesc h-Kincaid scale, 
a widely used tool for assessing reading and writing com-
plexity [21]. The number of letters  in the se ntence (77) 
was multiplied by 60 seconds and then divided by the 
number of seconds each participant took to complete the 
task. This score was then compared to the handwriti ng 
fluency numbers of a large sample (n = 900) provided by 

Graham et al. of sc hool-aged children from first to ninth 
grade [22].

The JTHF is a well-known hand-function assessment 
with seven subtests [10]. One s ubtest measures the time  
the adult takes to copy a sentence with 24 characters. The 
Copy Alphabet task in this pilot study required partici -
pants to copy (in cursive without spaces between letters) 
the 26 characters of the alphabet. Because this handwrit-
ing activity closely matched the writing subtest of JTHF, 
task completion time wa s examined for ea ch participant 
and compared  with no rmative d ata o f the no ndominant 
and dominant hands provided by orig inal data from th e 
JTHF [10].

RESULTS

The various kinematic and k inetic da ta showed d if-
ferent stability over the 6-we ek period. Table 1  show s 
mean and standard deviation (SD) values for all six writ-
ing tasks at test and retest sessions. Calculating the differ-
ences betwe en test and re test me asurements reve aled 
relatively small group me an dif ferences, which demon-
strate a trend of within-s ubject pe rformance stability; 
however, between-subject variability is indicated by the 
large SDs around the group means. Mean velocity (in the 
x direction) was the most stable para meter and force the 
least stable between testing se ssions across all six tasks. 
Draw Circles, Copy Date , and Copy Alphabet were the  
most consistently performed tasks across partic ipants, 
whereas Compose  a Sentence, Copy Sentence 1, a nd 
Copy Sentence 2 showed more variability across partici-
pants for all parameters. Velocity in the x and y directions 
was higher at retest for all tasks despite longer on-paper 
time for C opy Alphabet, Copy Sentence 1, a nd Copy 
Sentence 2. Forc e was consistently greate r at the rete st 
session for all tasks.

Table 2  shows reliability analysis of data by quantifi-
cation methods using ICC fo r graphomotor performance 
from test to retest. The following  kinematic parameters 
across th e s ix ta sks sh owed ex cellent co rrelation (0.80 –
1.00): mean velocity in the x direction for Copy Date, 
mean velocity in the y direction for Draw Circles, and on-
paper time for Copy Alphabet. The kinematic parameters 
with the highest correlation between te st an d rete st ses-
sions across all tasks were mean velocity in the x direction 
and on -paper time; however, n o single writing task had 
good to excellent correlati on acro ss all kin ematic an d 
kinetic parameters.
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Performance stability was noted by objectiv e evalua-
tors who  visu ally discerned handwriting feat ures (size, 
shape, slant, and style) and matched handwriting samples 
from test and retest sessions. The evaluators’ ability to cor-
rectly match handwriting samples showed 100 percent suc-
cess for three tasks: Copy Alphabet, Copy Sentence 1, and 
Copy Sentence 2. One evaluator correctly matched all nine 
pairs for the Compose a Se ntence and Copy Date tasks, 

whereas the second evaluator correctly matched e ight out 
of nine pairs for both tasks. Both evalu ators matched eight 
out of nine pairs for the Draw Circles task. Figure 2 shows 
three participants’ handwriting samples fr om the Copy 
Sentence tasks in the test and retest sessions.

If written-let ters-per-minute is u sed as  a ma rker of 
fluency of writing and fluency is extrapolated as a marker 
of writing  comp etency, three pa rticipants performed 

Table 1.
Handwriting kinematics and kinetics at test and retest (mean ± standard deviation) for six writing tasks completed with left hand by nine partici-
pants with permanent loss of function in previously dominant right hand. Gray shading denotes retest values.

Task Mean Velocity (cm/s) Displacement Force
(g)

On-Paper
Time (s)x y x y

Compose Sentence 0.83 ± 0.50 1.01 ± 0.50 6.18 ± 0.80 1.41 ± 0.68 68.14 ± 41.46 49.95 ± 28.13
Compose Sentence 0.76 ± 0.53 0.97 ± 0.49 7.10 ± 1.64 1.27 ± 0.39 110.78 ± 63.32 45.96 ± 21.97
Copy Alphabet 0.55 ± 0.29 0.76 ± 0.43 8.02 ± 2.96 0.58 ± 0.46 113.29 ± 32.52 44.55 ± 36.89
Copy Alphabet 0.53 ± 0.30 0.66 ± 0.32 8.43 ± 2.48 0.44 ± 0.11 122.66 ± 63.18 47.56 ± 42.33
Copy Date 0.81 ± 0.45 0.93 ± 0.43 4.71 ± 2.29 0.41 ± 0.14 74.28 ± 40.49 16.51 ± 13.49
Copy Date 0.77 ± 0.37 0.88 ± 0.33 5.13 ± 1.21 0.40 ± 0.09 107.89 ± 55.49 14.90 ± 7.05
Copy Sentence 1 0.72 ± 0.42 0.93 ± 0.48 7.09 ± 1.53 1.57 ± 0.63 62.59 ± 27.82 85.88 ± 82.43
Copy Sentence 1 0.64 ± 0.38 0.79 ± 0.37 7.43 ± 1.51 1.66 ± 0.57 103.65 ± 59.55 99.12 ± 74.97
Copy Sentence 2 0.70 ± 0.37 0.93 ± 0.47 7.22 ± 1.35 1.99 ± 0.91 68.03 ± 29.37 93.87 ± 83.36
Copy Sentence 2 0.67 ± 0.39 0.82 ± 0.41 7.51 ± 1.42 1.65 ± 0.68 95.99 ± 55.98 94.93 ± 66.81
Draw Circles 1.55 ± 1.17 1.19 ± 0.68 5.57 ± 1.09 1.18 ± 0.27 107.91 ± 42.72 10.33 ± 5.59
Draw Circles 1.27 ± 0.74 1.05 ± 0.48 5.53 ± 1.59 1.24 ± 0.30 128.82 ± 34.12 10.35 ± 3.76
x = left-to-right paper direction, y = top-to-bottom paper direction.

Table 2.
Intraclass correlation coef ficient (ICC) (lower/upper bound of 95% confidence interval [CI] in parentheses) of test-retest mean scores of hand-
writing kinematics and kinetics for six writing tasks completed with left hand by nine participants with permanent loss of func tion in previously 
dominant right hand.

Task Mean Velocity Displacement On-Paper Time Forcex y x y
Compose Sentence 0.74

(0.24/0.93)
0.18

(–0.48/0.73)
–0.27

(–0.76/0.43)
–0.04

(–0.63/0.60)
0.34

(–0.34/0.80)
0.59

(–0.03/0.89)
Copy Alphabet 0.70

(0.16/0.92)
0

(–0.61/0.63)
0.79

(0.35/0.95)
0.06

(–0.57/0.66)
0.81

(0.40/0.95)
0.64

(0.05/0.90)

Copy Date 0.81
(0.41/0.95)

0.38
(–0.29/0.81)

0.63
(0.03/0.90)

0.71
(0.17/0.92)

0.73
(0.22/0.93)

0.47
(–0.19/0.85)

Copy Sentence 1 0.67
(0.11/0.91)

0.19
(–0.47/0.73)

0.62
(0.03/–0.90)

0.39
(–0.29/0.82)

0.88
(0.60/0.98)

0.43
(–0.24/0.83)

Copy Sentence 2 0.63
(0.04/0.92)

–0.01
(–0.61/0.63)

0.71
(0.17/0.92)

–0.33
(–0.78/0.37)

0.78
(0.33/0.95)

0.61
(–0.02/0.89)

Draw Circles 0.77
(0.31/0.94)

0.81
(0.41/0.95)

0.39
(–0.29/0.82)

0.34
(–0.34/0.80)

0.69
(0.15/0.92)

0.62
(0.02/0.90)

Note: Italicized numbers indicate negative ICC or CI that includes 0. ICC interpretation: poor = <0.19, fair = 0.20–0.39, moderate = 0.40–0.59, good = 0.60–0.79, 
and excellent = 0.80–1.0.
x = left-to-right paper direction, y = top-to-bottom paper direction.
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between a first- and third-gr ade fluency level, with a 
range of 17 to 48 letters per minute; the remaining six par-
ticipants scored between an eighth- and ninth-grade level, 
with a range of 93 to  168 letters per minute. Table 3
shows the grade-level equivalent for writing performance 
for each participant. Table 3 also shows each participant’s 
on-paper time for the Copy Alphabet task, with compari-
sons to reference normative values from the JTHF writing 
subtest. Three participants met writing performance stan-
dards according to normative data from the d ominant 
hand, three participants met writing performance stan -
dards according to d ata from the nond ominant hand, and 
three participants did not meet performance standards for 
either the dominant or nondominant hand.

DISCUSSION

Results of this pilot st udy captured writing perfor-
mance stability within subjects, as noted by minimal dif-
ferences between re test a nd te st of group means for 
kinetic and kinematic parameters. The large SDs around 
group me ans re veal betwee n-subject performance  va ri-
ability. The negative ICC values and the 95 percent confi-
dence intervals (CIs) that include a ze ro value generally 
imply no correlation between te st a nd re test s essions; 
however, given the minimal differences between test and 

retest group means, the negative  ICC values likely 
express large SDs captured statistically in the ICC values 
and CIs.

As tas k c omplexity increased, so did variability 
between test and rete st sessions; for example, the  Com-
pose a S entence task showed  more variability bet ween 
testing sessions than did the Draw Circles or Copy Date 
tasks. Likewise, performance of the three tasks that var-
ied between s essions (Compose  a Sentence, Copy Sen -
tence 1 , and Copy Sentence 2) w as les s consistent than 
performance on the tasks tha t remained the sa me (Draw 
Circles, Copy Date, Copy Alphabet). In this way, perhaps 
kinematic analysis is  too s ensitive a measure of perfor -
mance on complex handwriting tasks and tasks that vary 
(even slightly) between testing sessions. However, mea-
suring subjects’ ability to copy and compose sentences 
and dates captures functiona l handwriting performance 
more than the meaningless copying of lines and circles.

The increased mean velocity in the x and y directions 
and greater force for all tasks at retest suggest more effort 
on task performance at retest. The longer on-paper times 
for Copy Alphabet, Copy Sentence 1, and Copy Sentence 
2 imply the same conclusion: change in performance was 
caused by awa reness of being tes ted, a tes ting e ffect 
referred to as the “Hawthorne effect” [23].

Visual analysis of handwriting sample s is common 
among certified forensic document examiners, as well as 
occupational therapy practit ioners administering tradi -
tional paper -and-pencil assessm ents in school settings. 
Visual analysis methods we re applied in t his pilot study 
as two independent eva luators matched test-to-retest 
handwriting samples on the basis of consistency in letter 
size, shape, slant, and overall style. So, w hile kinematic 
analysis was used to assess stability in the handwriting 
process, visual analysis assessed stability in the handwrit-
ing product.

Results of k inematic and v isual analysis support the 
following conclusions: (1) de spite instability of sele ct 
kinematic an d ki netic performance parameters, partici -
pants’ written output was co nsistent (recognizably si mi-
lar and therefore presumed stable) between test and retest 
sessions; (2) re sults of both analyses showe d be tween-
subject variability;  and (3) be tween-subject variabil ity 
expressed itself in uni que writing styles, which suggests 
an idiosyncratic nature of handwriting.

Adult-level writing demands mastery of fine motor 
coordination for basic writing fluency in order to liberate 
the brain to attend to higher o rder cognitive tasks [24]. 

Figure 2.
Copy Sentence tasks at (a) baseline and (b) follow-up. Two objective 
evaluators examined all de-ident ified handwriting samples and wer e 
100 percent accurate in correctly matching samples from all nine par-
ticipants from both sentence-copying tasks. Differences in paper sizes 
reflect trimming to remove participant identifiers.
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Looking at grade-level equivalence for each participant’s 
writing speed aroused concern for three participants who 
wrote at s peeds c omparable to first, second, and third 
graders, de spite a signific ant a mount of e lapsed time 
since loss of dominant-hand function.

A recent adult survey found 92 million Americans 
with literacy levels at less than an eighth-grade level [25], 
and since the Flesch-Kincaid assessment rated the C opy 
Sentence 2 task at a 13.4 grade  level, slow performance 
speed possibly reflected dif ficulty with adult-level l it-
eracy tasks rather than limits  in the fine motor control 
needed for writing. Therefore,  the on-paper time for  the 
simple Copy Alphabet task was compared with adult ref-
erence normative values of the similar JTHF writing sub-
test. This comparison showed that the three participants 
with low grade-level writing speeds al so did not meet 
performance stan dards fo r d ominant or n ondominant 
hand, confirming a motor, rather than co gnitive, perfor-
mance constraint.

A c loser look at these participants substantiates  the 
conclusion of a motor control,  rather than literacy skill, 
constraint. All three participants reported at least a sixth-
grade education and therefore were assumed to be capa-
ble of  writing th e alp habet in  the Copy  Alph abet task. 
One participant reported that  he had written for less than 
5 minutes per day since his amputa tion 3 years prior and 
another participant reported that he had not written since 
his amputation 7 years prior. The third participant 
reported that she had written each day since her amputa -
tion 6 years prior; alth ough she had slow perfo rmance 

(second-grade equivalent), she wrote faster than the other 
two participants.

These findings align with other research that suggests 
handwriting is not an autoemergent skill but rather one that 
needs to be purposefully addressed [26–27]. For example, 
Eggers and Menn en discuss the p henomenon of hand-
dominance transfer as a product of functional adaptation to 
accomplish ADL when motion and sensation are traumati-
cally lost in the “ main executor” arm and hand, and c on-
jecture that skilled actions beyond th ose of an 8-year -
old child require extensive, deliberate practice to facilitate 
transfer because of the ne cessary proficiency, speed, and 
agility [1]. In this st udy, all participants were independent 
in basic ADL; however, they had not all transferred hand -
writing skill at an adult proficiency level.

Implications for Practice and Research
Results showed that eight out of nine participants 

engaged in handwriting tasks daily, which support s the 
notion that handwriting remains a meaningful daily task 
and should be addressed in rehabilitation care plans. 
Results provide clinical value by establishing and 
describing a method  for measuring functional handwrit-
ing skill. These methods may be replicated and extended 
to measure handwriting i n other populations of interest. 
Providing adequate description of the experimental meth-
ods allows  other thera pists and resea rchers to purs ue 
research studies in this avenue of inquiry. Further studies 
may generate imp roved measurement tec hniques and 
ultimately improved rehabilitation methods for therapists 
working with patients facing I-IHDT.

Table 3.
Descriptive analysis of all participants.

Sex Age Time Since
Amputation (yr)

Highest
Education Level

Writing Performance
Grade-Level Equivalent

On-Paper Time for Copy
Alphabet Task (s)

F 62 7 High School 8th 28.54*

F 59 16 High School 9th 10.39
F 65 46 Associate Degree >9th 14.06
F 70 6 Bachelor Degree 9th 37.08*

M 58 7 High School 1st 122.57†

M 27 3 Bachelor Degree 3rd 77.05†

F 29 4 Master’s Degree >9th 23.77*

M 61 40 High School >9th 22.53
M 52 6 6th Grade 2nd 64.94†

*>2 standard deviations above JTHF writing subtest reference values for dominant hand.
†>2 standard deviations above JTHF reference values for nondominant hand.
F = female, JTHF = Jebsen-Taylor Test of Hand Function, M = male.
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Study results also inform clinicians about overall graph-
omotor performance consistency across tasks and kinematic 
parameters. While the sample is too small to establish nor -
mative data, the information can be used clinically; for 
example, a therapist working with a patient who has lost 
dominant-hand function may repeat the tasks and measure 
the variables that showed excel lent reliability to monitor a 
change over time to evaluate therapeutic progress.

Results of this pilot stud y hav e gu ided two su bse-
quent studies related to a 6-week transfer intervention that 
uses handwriting as the defining motor task of hand domi-
nance. The results have influenced these intervention stud-
ies in three primary ways. Firs t, a single-subject research 
design was chosen. This is a result of the large SDs around 
the group mean dif ferences, the heterogeneity of the par-
ticipants, and the dif ficulty obtaining a la rge sample size. 
Single-subject research avo ids group analysis by using a 
rigorous experimental approach in which each participant 
is his or her own control. Second, much closer attention is 
being paid to personal factors that may influence perfor-
mance, such as neuromusculoskeletal functions in the sole 
functioning limb (joint mobility, stability, power, tone, and 
endurance); cogn itive functions of attention , m emory, 
visual perception; and psychosocial factors such as insight 
into functional lo ss, past occup ational exp eriences and  
future occupational goals, a nd motivation for transferring  
handwriting skill. An d lastly, kinematic analysis proved  
valuable f or simpler wr iting tasks, but  traditional paper -
and-pencil metrics are bein g used to measure letters per 
minute and leg ibility in comp lex, adult-level handwriting 
tasks.

Limitations
Gaining access to a population of community-dwelling 

adults with permanent loss of dominant-hand function was 
difficult, resulting in a small and heterogeneous sample. A 
small sample prohibited statis tical method s of regression 
analysis to discern variables, such as time since functional 
loss, that may contribute to the fine motor control necessary 
to establish stable movement p atterns for handwriting. 
Because this was not a clinic al study, access was unavail-
able to the partici pants’ medical records and other h ealth 
information that may hav e influenced moto r performance. 
Similarly, clinical evaluations that may have been useful to 
this st udy, suc h as  cognitive, s ensory, motor , or  stre ngth 
assessments, were not performed. Finally, the concession to 
meet participants at convenient locations resulted in limited 
control over environmental constraints, such as time of day, 

lighting, noise/ distractions, and room temperatu re. This 
may have contributed to between-subject variability.

CONCLUSIONS

When hand-injured patients face I-IHDT, they deserve 
evidence-based interventions to accelerate necessary hand-
dominance transfer so they may be restored to full partici-
pation in ADL, work, and leisure pursuits. This study 
examined graphomotor performance as  a marker of  hand 
dominance in a d istinct sample of adults who  had lo st 
dominant-hand function and di scovered which kinematic 
and kinetic parameters were st able across time and across 
various functional writing tasks. This information has been 
useful in the design  of ong oing clinical trials of an inter -
vention to facilitate hand-dominance transfer. Research in 
this line of inquiry needs to be extended to advance initia-
tives in rehabilitation to minimize the severity of disability 
following dominant-hand injuries [28].
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